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_ ALTHOUGH a considerable amount of work has already been done upon 


I. The measurement of the intra-ocular pressure. The manometer employed was a com- 


leads into a cylindrical glass chamber, the distal end of which is closed by a stretched 
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STUDIES ON THE INTRA-OCULAR PRESSURE’. 


Part I. The action of drugs on the vascular and muscular 
factors controlling the intra-ocular pressure. 


By J. COLLE, P. M. DUKE-ELDER 
anp W. S. DUKE-ELDER. 


(From the N of Physiology and Biochemistry, University 
Oollege, London.) 


the intra-ocular pressure, it was considered advisable to undertake the 
present studies for two reasons. In the first place it seemed necessary to 
review the mechanism which controls the pressure in the eye in the light 
of the theory advocated by one of us that the intra-ocular fluid is a 
dialysate of the capillary blood [Duke-Elder, 1927 a]. In a previous 
paper [Duke-Elder, 1927 ö] it was seen that the intra-ocular pressure 
is maintained at its normal level by the balance between the hydrostatic 
pressure in the capillaries and the difference between the osmotic pres- 
sures of the aqueous humour and the capillary plasma; and, if the theory 
of dialysation is correct, all the variations in intra-ocular pressure 
should be accounted for by the physical forces involved in such a process 
without the intervention of any deus ex machina in the form of secretory 
energy. In the second place, we believe it possible to amplify the results 
of former investigators by the employment of more accurate and delicate 
technique. 
_ EXPERIMENTAL METHODS. 


bination of a compensatory manometer and an optical manometer (Fig. 1). A cannula 
(D), made of platino-iridium and pointed with steel, of an internal diameter of 1 mm., 


rubber membrane (M). This membrane carries affixed to its edge a minute mirror from 
which a beam of light, derived from the source O and passing through a slit and an optical 
system (PI, Pi, P,), is reflected on a moving photo-film in the camera (O). A second mirror 
(2) fixed immovably to the edge of the chamber serves as a base line, and the tracing re- 
corded from it is interrupted by an electrically controlled time - marker (V). The glass chamber 
communicates with a mercury manometer (B) tracing on a kymograph (C) on which is 

+ For the Medical Research Council. The expenses of the work detailed were defrayed 
by a grant from the Council. 
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recorded a second time - marker (M) synchronized with the first. Between the manometer 
tube and glass chamber there is interposed a compensatory apparatus of the type intro- 
duced by von Schultén [1884], consisting of a horizontal graduated capillary tube (L) 


Fig. 1. Ocular manometer. | 


containing an air-bubble, the movements of which could be controlled by a pressure syringe 
(F). Between this and the glass chamber is a reservoir (A). 7 
The whole apparatus is filled with Ringer’s solution to the entire exclusion of air, and 
the reservoir (4) is raised to the approximate height of the anticipated intra-ocular pressure 
(25 mm. Hg). The stop-cocks at & and H are opened, and, with the fluid running out of the 
open cannula at this pressure, the latter is thrust through the cornea near the limbus to lie 
parallel to the plane of the iris in the anterior chamber. In this way the cannula is inserted 
without allowing more than a minimal change in the volume of the intra-ocular fluid to 
occur. As soon as the cannula is inserted, @ is closed and equilibrium is established by 
manipulating the syringe F so that an air-bubble introduced into Z is stationary: at this 
point the intra-ocular pressure is recorded on the mercury manometer. When the pressure 
has remained at a steady level for 10 minutes, the tap H is closed so that the chamber K 
alone remains in association with the eye: thereafter variations in the pressure are recorded 
optically on the film in the camera. 7 
The mercury manometer was used in all cases to register the absolute pressure, and in 
some of those experiments wherein a slow and gradual change in the intra-ocular pressure 
was expected, it alone was used; but in most of the experiments and in all of those wherein 
rapid changes occurred, the optical method was preferred. In order that the record should 
not be distorted in amplitude or phasic relations the conditions were arranged that the 

natural frequency of the membrane manometer should not be less than 150. 
2. Experiments on intact animals were undertaken in the usual way, both dogs and cats 
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INTRA- OOULAR PRESSURE... 


being employed under ether-chloralose anesthesia. The intra-ocular pressure was recorded 
optically by the manometer and the blood-pressure was recorded manometrically in the 
common carotid artery of the opposite side. 

3. The artificially perfused, eye. In all the experimental work which has been done 
hitherto upon the variations of the intra-ocular pressure, intact animals have been employed, 
and it has frequently been difficult to dissociate the effects of general and local conditions. 
Most experimental procedures (such as the administration of drugs, and so on) involve a 
change in the general blood-pressure and also a local alteration in the vessels of the eye 
itself, and it is essential to eliminate one of these variables if the influence of the other is to 
be accurately assessed. It was, therefore, considered advisable to isolate the eye completely 


artificial heart and an artificial lung. 
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i The principles of the technique employed can be gathered from the acoompanying 
diagram (Fig. 2). Throughout all the experiments dogs were employed. A dog was 
anesthetized by ether and chloralose and the animal was slowly bled, the blood being 
immediately whipped and placed in the reservoirs (KI, K*, K*) where it was maintained 
at a constant temperature by a carbon lamp (r) controlled by a thermostat (w), and was 
kept aerated by a stream of oxygen-carbon-dioxide mixture. In a second dog under ether- 
chloralose antesthesia and artificial respiration, the two carotid arteries were exposed in 
the neck and marked by ligatures, and a thoracic dissection was undertaken to allow a 
perfusion of the head through these vessels and a collection of the venous blood through 
the superior vena cava, collateral circulation being prevented by ligaturing the internal 
mammary vessels, the subclavian arteries, and the vena azygos. While this was going on 
the animal was slowly bled from a femoral artery until, when a considerable proportion of 
the blood had been withdrawn, a ligature was tied round the aorta so that all the remaining 

| blood was diverted to the head. The blood thus gathered was whipped and added to the 

) store in the reservoirs. The right carotid was then opened and the cannula (A) was inserted 

| into it, while the circulation through the head was maintained by way of the left carotid. 

This cannula was connected to the feeding terminal of the artificial circulation, which was 
then put in action, so that the head of the animal was perfused artificially through this 
artery, while at the same time the normal circulation took place through the left carotid. 
Once the artificial circulation was thus established the left carotid was clamped, and a 
second cannula (B) was inserted into it and connected with the perfusion circuit: at this 
moment the whole of the circulation of the head was undertaken artificially without at any 

time having suffered cessation. Meantime the return venous blood was collected through 

a cannula inserted into the superior vena cava until, on whipping, it showed no deposition 

of fibrin, after which the cannula was connected directly to the artificial circulation and 

the circuit was closed. 8 

The circuit consisted of the following elements: 

(a) The heart pump (J) was a copy of the perfusion pump described by Dale and 
Schuster [1927], the beat of which can be controlled and varied by a sleeve-adjustment 
(M). This was immersed in a water bath (F) kept at constant body temperature by carbon 
lamps (K) controlled by a thermostat (L), while sufficient warming of the blood was secured 
by leading the in-coming and out-going blood through coiled glass tubing (H, @). 

(6) A mercury manometer (D) was interposed between the pump and the head, which 
recorded the blood-pressure on the kymograph (h). 

(e) The venous blood was delivered to an artificial lung (T) of the type devised and 


10 


described by Bayliss, Fee and Ogden [1928] to which a stream of oxygen was fed from 0 
a cylinder (Z). The blood from the vena cava was led directly to the lung, and delivered ¢ 
from it by tubing (y) to one or other of the reservoirs. 9 
(d) A shunt (for use if desired) to maintain constant pressure was interposed in te 
arterial circuit between the heart and the head. It was à modification of the type used by 
Starling, wherein the blood was led through a flexible rubber tube (O) which could be 
compressed in an enveloping cylindrical jacket by air. If the blood-pressure in the arteria!l 
circuit (I) rose above the desired level, the blood forced open the tube (O) and was short. 
circuited back to the reservoirs. § 
(e) A constant infusion apparatus (UV W) of the type described by Burn and Dale 
[1926] was used to add a minute and constant quantity of adrenaline to the ciroulating 
blood when desired, about 1 c.c. of a 1 in 50,000 solution in saline being introduced in 5 min. 
(f) Three reservoir tubes were used (IA, K*, K*) interposed between the lung and the : 
heart immersed in a water bath kept at body temperature by carbon lamps (r) controlled 2 
by a thermostat (w). The inlet and outlet tubing to these was arranged so that the circula- 4 
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tion could instantaneously be switched from one to the other without any hiatus, an 
arrangement which enabled the action of various drugs upon the eye to be observed if 


of the effects of a single short period of action of any drug upon the eye. 

The conditions of artificial perfusion in these circumstances were found to be eminently 
satisfactory. It will be remembered that the substitution of the artificial for the normal 
circulation in the head was made without stopping the blood flow at any time. The physio- 
logical functions of the eye seemed to be maintained unimpaired as in an intact anssthe- 
tized animal: the circulation could be observed in the vessels of the fundus by ophthalmo- 
scopic examination or by recording the pulse beat communicated to the intra-ocular 
pressure; the intra-ocular pressure could be maintained at its normal level for periods of 
well over three hours, the pupillary reactions could be elicited, and a corneal reflex could 
be obtained by lightly touching the cornea. We could find no reason to conclude that we 
were dealing with an eye which was in any way abnormal so far as the purpose of the 
present series of experiments was concerned. 

4. The recording of the temperature in the eye. In order to correlate variations in the 
intra-ocular pressure with events in the intra-ocular circulation, the rate of blood flow in 
the eye (that is, essentially the state of dilatation of the arterioles) was measured by re- 
cording variations in the temperature. An insulated constantan wire was soldered into a 
hypodermic needle, the end of which was re-sharpened; this was thrust through the cornea 
into the anterior chamber of the eye which was not employed for manometric registration 
(a). This junction was balanced against a similar junction in a thermos flask (f) and con- 
nected with a mirror-galvanometer (y) the deflections of which were registered optically. 
When lying in the anterior chamber the needle excites no disturbance soon after its in- 
sertion, and changes in the flow of blood can be directly correlated with changes in the 
temperature. A typical reaction, for example, is a rapid fall of 2° to 4° C. which follows the 
occlusion of the carotid artery on the same side as the eye experimented upon, or a rise of 
the same order which follows occlusion of the abdominal aorta which diverts an excess of 
blood towards the head. 

5. The direct observation of the minute vessels of the iris. Confirmation of the events 
occurring in the local vascular system was obtained by the direct observation of the vessels 
of the iris of albino rabbits. It is not possible to observe these changes accurately in any 
but an unpigmented eye, and consequently dogs (which were used in the artificial perfusion) 
and cats (which were sometimes used in the experiments on intact animals) were unsuitable 
for this purpose. These observations had therefore to be undertaken on albino rabbits which 
were used angsthetized by intra-peritoneal urethane. The head of the animal was im- 
mobilized in a convenient position, and when the drug in question was injected into the 
circulation, the vessels of the iris were observed through a Zeiss binocular microscope in 
the focal beam of a Gullstrand slit-lamp. At the same time an estimate of the degree of 
permeability of the vessels was based on the appearance of trypan blue in the aqueous 
humour after its intravenous injection. In the normal animal the capillaries of the eye are 
impermeable to this dye; it is only detected in the anterior chamber when the permeability 
of the minute vessels has been increased to a very definite degree, when the presence 
of a minute amount in the anterior chamber is readily spotted in the optical conditions 
employed. 

The appearance and distribution of the minute vessels in the eye of the albino rabbit 
have recently been studied in considerable detail by Larsen [1930], and we were able to 
confirm his findings, The major circle of the iris is clearly seen as a large artery running a 
sinuous course round the periphery of the iris near the angle of the anterior chamber; 
it is fed directly by the long posterior ciliary arteries. It sends off a series of arterial twigs 
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which ran towards the pupillary margin, where a number of small arterial branches of 
arteriolar dimensions are seen under high magnification lying superficially in the stroma of 
the iris in the neighbourhood of the sphincter muscle. Apart from this in normal conditions 
the surface of the iris is practically avascular; but when the capillaries are dilated the entire 
surface becomes dotted in varying degree with minute capillary loops. It is thus possible 
to observe directly three types of vessels and study their reaction under varying conditions : 
an artery (the greater circle), arterioles near the pupillary margin, and capillary loops upon 
the surface of the iris. 

6. The observation of the action of the ocular musculature, One of the factors which 
constantly tends to obscure vascular changes in the eye when these are deduced from 
variations in the intra-ocular pressure is the action of the extra-ocular musculature. This 
consists of two components: the plain muscle of Müller which protrudes the eye causing 
an exophthalmos, and the striped muscle (recti and obliques) which, when acting as a whole, 
tend to pull the eye inwards causing an enophthalmos. A contraction of either of these sets 
of muscles raises the pressure of the eye, and a relaxation of their tone induces a fall. Since 
the head of the experimental animal was securely clamped in the same system on the 
optical manometer, any movement of the eye relative to the head is registered on the 
tracing of the intra-ocular pressure by a movement of the base line, a movement in one 
direction denoting an exophthalmos, in the other.an enophthalmos. Movements of the 
voluntary muscles can be eliminated by curare: but in those cases where it seemed desirable 
to measure accurately the events which were taking place, the matter was decided by 
detaching a rectus muscle from its anterior insertion into the sclerotic and attaching it to 
a muscle-twitch recording lever writing on the kymograph. 


EXPERIMENTAL OBSERVATIONS. | 

A preliminary series of experiments was done following out the 
variations of the intra-ocular with the general blood-pressure (ligaturing 
the carotid, aorta, etc. ; stimulation of the vagus and cervical sympathetic, 
etc.), but, since this work has been so thoroughly and ably done by previous 
experimenters [Parsons, 1903; Henderson and Starling, 1904; 
Wessely, 1908; and many others], we shall refrain from further elabora- 
tion of it except to note that their work was in every respect confirmed. 
It is only those observations wherein we believe that we have something 
new in experimental evidence or in interpretation to offer which we shall 

Adrenaline. 

The conclusions of those who have investigated the action of adrena- 
line on the intra- ocular pressure when the drug has been administered by 
the intravenous route have been, to a certain extent, indeterminate. In 
some experiments a rise in the intra- ocular pressure has been obtained, 
in others a fall, in some a fall and then a rise, and in others no observable 
change at all. Thus Parsons [1903] obtained a rise in pressure, the intra- 
ocular pressure running parallel to the blood-pressure; Henderson and 
Starling [1904] sometimes obtained a rise and sometimes a fall, con- 


* 


ES 


VVT 


- 
« 
“ing 
Sy 
Be’ 
J 
* 
. 
2 
22 
| 
* 
| 
4 
| 
| 
k | 
5 
| 
| 
| 
| 
| 
| 
| 
4 „* 
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‘ | cluding that it was not permissible to use such experimental evidence as 
. = a foundation for any theory as to the action of this drug. Wessely [1908] 
: | c » got somewhat similar results. The explanation offered by all of those was 
— substantially the same: when an increase in the pressure was recorded it 
: a was considered due to the rise in general blood-pressure making itself 
2 evident in the eye; if a fall was recorded it was due to the local vaso- 
. = constriction asserting itself as the predominant feature in the picture and 
— preventing the effect of the raised blood-pressure making itself evident 
» @ in the eye; and to these was added the further factor of a constriction of 
e ¢@ the plain muscle of the orbit which was particularly stressed by Wessely. 
— In experiments on the intact animal three types of results are 
5 obtained: 
0 2 (1) With small doses (0-1 Cc. c. of 1 in 10,000 solution and anything 
under this which produces an effect) the blood - pressure is raised and the 
. a intra-ocular pressure tends to be raised passively with it, the amplitude 
le a and characteristics of the pulse being conveyed to the curve of the pres- 
y sure of the eye (Fig. 3). This is essentially a passive effect, and would 
Lo 
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Fig. 3. 0-1 c. 0. 1 in 10,000 adrenaline in intact dog. 
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seem to show that any pressor action in the eye is less readily evident 


than upon the heart and those parts of the body, such as the skin, in 
which arteriolar constriction contributes to the general rise of blood- 
pressure. 

(2) With large doses (of the order of 1 in 1000 solution) the rise in 
general blood-pressure is accompanied by a definite fall in the intra- 
ocular pressure during which the amplitude of the pulse is very consider- 
ably throttled down, suggesting that a considerable amount of vaso- 
constriction is occurring in the eye (Fig. 4). 


Fig. 4. 0-1 0.0, 1 in 1000 adrenaline in intact dog. 
Frequently these two effects are to some extent combined, and while 
the blood-pressure rises the intra-ocular pressure falls initially, but when 
the general pressor reaction has reached its height, the barrier of arteriolar 
constriction in the eye is broken down and the intra-ocular pressure 
consequently rises, the ocular pulse showing a large excursion: again, the 
barrier offered by arteriolar constriction in the eye is relatively feeble. 
These vascular events were confirmed by observations on the temperature 


in the anterior chamber, a rise of pressure being accompanied by a raising 
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maintains a constant level or falls slowly, 
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of the temperature by 2° or 3° C., and a fall of pressure being indicated 
by a decrease in temperature suggesting arteriolar constriction. 

(3) A type of reaction where a persistent rise of the intra-ocular 
pressure occurs quite independently of any variation in the general blood- 


Pressure and associated with no characteristic alteration of the pulse beat 


is occasionally observed. This type of reaction is well illustrated in a paper 
by Wessely [1908], and is presumably due to the contraction of the 
plain muscle of Müller. Such a reaction is accompanied by no constant 
temperature variation. 

These various effects can be analysed 
with much more accuracy by a study 
of the artificially perfused eye. With 
this preparation the almost invariable 
result of a small dose of adrenaline 
under 0:1 c.c. of a 1 in 10,000 solution 
is to give a rise in intra-ocular pressure, 
The rise in pressure may be of two 
types which may be due to different 
causes. 

(1) An abrupt rise in pressure occurs 
which is associated with the movement 
of the base line in the direction of 
exophthalmos which is retained after Tim 
curare (Fig. 5). The rise of pressure 
rapidly attains a maximum and then 


being subject to no rapid alterations, Ä“ om . 

and it is not accompanied by any change 8 

in the temperature of the eye. It is Fig. 8. 0.2 0. 1 in 10,000 adrenaline 
( 


due to contraction of the muscle of perfused dog’s head). 
Müller, and it is interesting that this effect is much more frequent in the 
perfused dog than in the intact dog. 


(2) A second type of rise occurs which is of a completely different 


nature wherein the rise of pressure slowly and gradually attains a maxi- 


mum and then falls (Fig. 6). It is accompanied by no change in the base 
line and no movement of the eye, and by a slight rise in the temperature 
of the aqueous humour (0-25° to 0-5° C.). The type of curve has all the 
characteristics which we have become accustomed to associate with a 
vascular change, and since the rise of temperature is comparatively small 
it appears unlikely that it is dependent on any great alteration in the 
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arterioles. On the other hand, examination of the intact eye of the rabbit 
after the administration of adrenaline in such doses shows that the minute 


Fig. 6. 0-1 c.c. 1 in 10,000 adrenaline (perfused dog’s head). 


vessels on the anterior surface of the iris are dilated, and that their 
permeability is increased as is shown by the passage of trypan blue into 
the anterior chamber (see also Larsen, 1930). We consider therefore 
that this type of response is due to a capillary dilatation. © 
It occasionally happens that these two types of response are combined, 
the first rapid rise being due to the action on the external musculature, 
and the second a slower rise being due to the dilatation of the capillaries. 
With larger doses of adrenaline (of the order of 0-1 C. c. of 1 in 1000) 
a movement of exophthalmos with an associated rise in the intra-ocular 
pressure almost invariably occurs which, however, is more than counter- 
balanced by a fall in pressure (Fig. 7). The appearance in the iris of the 
rabbit of vaso-constriction is confirmed by temperature records which 
show a definite fall (2° to 3° C.). This is obviously due to arteriolar con- 
striction, and apparently this has become so pronounced that it can bring 
about a fall in pressure which is sufficient to counterbalance the rise due 
to muscular contraction. | : 
It appears, therefore, that the action of adrenaline upon the eye itself 
uncomplicated by the effects of the general circulation is fourfold; first, 
in small doses it dilates the capillaries and raises the intra-ocular 
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pressure; second, in large doses it constricts the arterioles and capillaries 
and lowers the pressure; third, in any dose it constricts the plain muscle 


Fig. 7. 0-1 o. e. 1 in 1000 adrenaline (perfused dog’s head). The spacings in the tracing of 
the intra-ocular pressure represent 2 min. intervals: the blood-pressure was constant 
throughout. | 


of the orbit and raises the pressure; and fourth, it dilates the pupil, an 
action which appears to be without any significant influence on the intra- 
ocular pressure, since it may be associated with either a rise or a fall. In 
the intact animal, where the situation is complicated by general vascular 
changes, the raised blood-pressure tends to break through any arteriolar 
resistance which may be present and causes a rise in the intra-ocular 
pressure unless (with individual variations) the dosage is very high, when 
a constriction of the arterioles may be produced sufficient to counter- 
— this. 


Pituitrin. 


In the intact animal the action of pituitrin as revealed by the curve 
of the intra- ocular pressure tends to be completely masked by events in 
the general circulation. A typical tracing is seen in Fig. 8 which records 
the effect of an intra- venous injection of 0-3 C. c. (10 I. N. U. per o. o.) of 
“pituitrin.” The intra- ocular pressure rises following the curve in the 
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Fig. 8. 03 0.0. (10 1. 


Fig. 9. 0-5 0.0. (10 LN. U. per o.c.) “ pituitrin” (perfused dog’s head). 
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blood-pressure, and it is significant that the base line also changes slightly, _ 
denoting a small degree of exophthalmos. In a perfused dog’s head where 
the blood-pressure has remained constant the picture is different. Fig. 9 
shows the effect of a relatively small dose (0-5 c.c.), wherein a lowering of 
the intra-ocular pressure occurs which comes on gradually and is main- 
tained a long time. This effect of arteriolar constriction is complicated, 
especially when larger doses are used by an initial small rise associated 
with an exophthalmos, a reaction which is unaffected by curare and is 
due to contraction of the plain muscle of the orbit. Temperature records 


in the intact animal show a rise in temperature of about 1° C., indicating 


an increased blood flow and, although there may be a small relative fall 
(of about 0-5° C.) after the initial rise, denoting a temporary check in 
the increased flow of blood owing to local constriction, the dominant 
factor is invariably a rise. In the perfused animal, on the other hand, there 
is invariably a fall in temperature of about 1°C. It appears, therefore, 
that so far as the eye is concerned pituitrin has a double action: first, a 
slight contraction of the plain musculature lasting over a short interval, 
and second, a prolonged vaso-constriction, relatively slow in onset but 
not so great in degree as that obtained with adrenaline, and one which, 
with the doses employed, is always overcome by the influence of the rise 
in general blood-pressure. As occurs with adrenaline, the arteriolar con- 
striction in the eye appears to be of relatively small intensity. 


Histamine. 

Histamine is one of the few drugs which (within the limits of the 
dosage employed, a 0-5 to 1 c.c. of a 1 in 10,000 or 1 in 100,000 solution) 
cause changes in the intra-ocular pressure which can be explained by 
events in the circulation without any complicating influence of the 
associated musculature. In the intact animal (cat and dog) there is 
invariably a fall of intra-ocular pressure following its intra-venous 
administration, and the fall appears to follow in a general sense that of 
the blood-pressure (Fig. 10). In the perfused dog’s head the vascular 
reaction varies considerably. In those experiments wherein a constant 
minute supply of adrenaline was not given, a fall in the intra-ocular 
pressure was registered which was accompanied by a slight fall in tem- 
perature (1-0° C.) (Fig. 11): only very rarely at the commencement of 
an experiment was a rise recorded. When a constant minute supply of 
adrenaline was added to the circulating blood, on the other hand, a rise 
in intra-ocular pressure was invariably recorded, sometimes of consider- 
able magnitude (Fig. 12); after “pituitrin” histamine produced a slight 
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rise in pressure; and after pituitrin in association with the oonstant 
addition of adrenaline a very considerable rise occurred. Again, when 


Fig. 10. 0-6 c. 0. 1 in 100,000 histamine in intact dog. 


the intra-ocular vessels were maximally dilated, as after the intra-venous 
injection of a small quantity of ether, the administration of histamine 
was followed by a fall of pressure. 

These reactions confirm in a peculiarly exact measure the findings of 
Burn and Dale [1926] on the action of histamine in the perfused limb. 
They found that histamine dilated the minute vessels only if a certain 
amount of tone existed; that this tone was evanescent but could be 
restored by a trace of adrenaline or by pituitary extract. Under these 
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Fig. 11. 0-5 Ce. 3 histamine in dog's heer with no constant adrenaline 
im perfusing spacings in the tracing intra-ocular pressure represent 
2 min. intervals: the blood-pressure was constant throughout. 
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conditions the dilatation of the minute vessels produces a rise in the 
intra-ocular pressure. These investigators also concluded that histamine 
causes a constrictor effect on the more central part of the vascular tree 
which changed to a dilator effect on the more peripheral branches, and 
they noted that its action differed in various species as to the level to 
which this change occurred, being evident in the dog before the smallest 
macroscopic arteries are reached, in the cat more peripherally so that the 
dilator effect is almost entirely exercised on the capillaries, and in the 
rodents being pushed so far to the periphery as to escape detection or 
possibly not to exist at all. In the present experiments when the capil- 
laries are lacking in tone the dilator effect is not evident, and only the 
constrictor effect on the larger vessels is seen giving a fall of pressure 
and a fall in temperature. In the perfused dog’s head, when capillary 
tone is maintained, the small constrictor effect is obscured by the capil- 
lary dilatation which is made evident by the rise in the intra-ocular 
pressure. The absence of any noteworthy dilator effect in rodents is 
peculiarly evident on examination of the anterior surface of the iris of 
the rabbit, in which a slight constriction only of the vessels is noted. 
All the vessels of the head seem to react in much the same way. 
Fig. 13 shows that, in the perfusion of the dog’s head with blood con- 


Fig. 13. 1-0 0.0. 1 in 10,000 histamine with constant adrenaline in perfused dog’s 
head: no shunt in circuit. 
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taining a constant supply of adrenaline, a fall in the blood - pressure occurs 
when the shunt is cut off the circuit. This indicates a lessened peripheral 
resistance due to dilatation of the minute vessels in the head. This fall 
in general pressure is reflected in the curve of the intra-ocular pressure, 
but the capillary dilatation rapidly asserts its influence in producing a 
subsequent rise. 
In the intact animal small doses of choline (0-1 c. c. 1 in 20 choline 
chloride) produce a fall in the intra-ocular pressure which corresponds 
exactly with the depressor action of this drug upon the general circulation 
(Fig. 14). In large doses, however (0-5 to 1 c.c. of a 1 in 20 solution), 


Fig. 14. 0-1 ¢.c. 1 in 20 choline chloride in intact dog. 
there is a rise in the intra-ocular pressure which is out of all proportion 
to any simultaneous rise in the blood-pressure which may be produced 
even after the exhibition of atropine (Fig. 15). This effect is the more 
PH. LXXI. 2 
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marked when one takes into consideration the vaso-constrictor action in 
the eyes, and it is interesting that it is associated with an enophthalmos. 


Fig. 18. 1-0 Cb. 1 in 20 choline chloride in intact dog. M, tracing of superior 
rectus muscle, 


In the perfused dog’s head the rise of intra-ocular pressure and the 
associated enophthalmos may be very marked: with acetyl-choline there 
is a rapid rise in pressure (Fig. 16), and with choline there is a long, 
gradual rise which has a pronounced tendency to assume: rhythmic 
variations towards the end of the reaction (Fig. 17). The rise in pressure 
can be traced to the influence of two components: first, a vaso-dilatation, 
and second, a muscular contraction, the recti muscles in this case being 
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involved. That the recti muscles are involved is proved conclusively by 
recording the contraction of any one of them after the administration of 


Fig. 16. ; Fig. 17. 

Fig. 16, 0-1 0.0. 1 in 10,000 acetyl-choline (perfused dog’s head). 

Fig. 17. 0-1 6.0. 1 in 20 choline (perfused dog’s head), 
choline, by detaching them from their anterior insertion into the sclera 
and noting their contraction on a muscle twitch recording lever (Fig. 15): 
with acetyl-choline a short and rapid contraction is recorded, and in the 
case of the former drug the contraction assumes frequently a rhythmic 
variation after some time. This reaction is retained after the administra- 
tion of atropine, is increased after adrenaline, and is abolished by nicotine 
as well as by curare. The significance of this reaction, whereby the ex- 
trinsic muscles of the eye retain the property of contracting under the 
influence of choline, thereby showing an analogy with the voluntary 
muscles of species below Mammalia or with the muscles of Mammalia 
before they have received their nerve supply or after they have been 
deprived of it, is discussed in a separate publication [Duke-Elder, 1930]. 


Nicotine. 
In the intact animal nicotine injected intravenously in relatively 


small doses (0-1 to 0-5 o. o. of a 1 p. o. solution) produces a rise in the intra- 
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ocular pressure, which appears to follow fairly consistently the coincident 
rise of the blood-pressure and is followed by a similar fall (Fig. 18). The 


Fig. 18. 0-2 0.0. 1 p. c. nicotine in intact dog. 


reaction is approximately the same in both the dog and the cat. In largé 
doses (0-5 to 1 c.c.) the intra-ocular pressure is increased out of all pro- 
portion, and the complicating factor which is responsible for the divergency 
is obviously a muscular effect. It is seen from Fig. 19 that the eye moves 
sharply in the direction of exophthalmos, but that, at the same time, 
there is also a tendency to enophthalmos, not of the same intensity but 
of greater duration: the curve shows a sharp movement upwards which 
is followed by a gradual tendency to move below its starting level. In 
the perfused dog’s head the vascular element is much less evident, and 
the change of the intra-ocular pressure seems to be dominated by 
muscular contraction. There is invariably an enophthalmos which comes 
on rapidly, lasts a comparatively short time, and is of considerable 
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intensity, and with it is associated a longer and slower enophthalmos 


(Fig. 20). ie | 

The exophthalmos with its accompanying rise of intra-ocular pressure 
is undoubtedly due to the contraction of the plain muscle of Miller 
which results from a stimulation of the sympathetic ganglia supplying it. 


Fig. 19. lc.c. 1 p.. nicotine in intact dog. M, tracing of superior rectus muscle. 


That it is not due to any action of the striated muscle is seen in the fact 
that this reaction persists unimpaired after curare. When this drug is 
administered, a short sharp rise in intra-ocular pressure persists, but the 
long, gradual fall of pressure which is invariably seen in the absence of 
curare is lacking, and is replaced by a relatively rapid return to the 
normal condition. This suggests that the movement of enophthalmos and 
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the relatively prolonged rise of intra- oeular pressure in the perfused 
animal are due to a contraction of the recti muscles. Since this reaction 


Fig. 20. 0-5 c. 0. 1 p.c. nicotine (perfused dog’s head). The intervals in the 
intra-ocular pressure tracing represent lapses of 2 min. 


of voluntary muscle to nicotine was unexpected a rectus muscle was freed 
from its anterior insertion to the sclerotic and its contraction recorded. 
Fig. 19 shows that, when small doses of nicotine are given in these 
circumstances, there is a long and slow contraction of the rectus which 
is usually interrupted by an abrupt apparent relaxation appearing near 
the commencement of the reaction: this we interpret as a relatively mild 
contraction of the muscle which at one point in the curve is carried for- 
ward bodily by means of its fascial connections in the eyeball in the act 
of exophthalmos, a movement which will appear on the curve as a re- 
laxation. When larger doses are given, and when the dissection is made 
freely separating the eye from the attachments of the globe, a slow and 
uncomplicated contraction of the rectus is recorded of the same nature 
as occurred with choline [for further discussion see Duke-Elder, 
1930]. | 


In all our experiments atropine produced a fall in the intra-ocular 
pressure, Fig. 21 shows the effect in the intact animal wherein the curve 
in the pressure of the eye follows in a general sense that of the blood- 
pressure, indicating at the same time, however, a gradual fall and a 
movement of the base line in the direction of exophthalmos. In the 
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perfused head the same sequence of events is seen more clearly, where a 
fall of pressure invariably occurs associated with a slight movement of 
the eye in the direction of enophthalmos: the fall of pressure, however, 
is frequently broken by a slight tendency to rise again, a feature well 
illustrated in Fig. 22. The accompanying vascular reaction as seen on the 
anterior surface of the iris of the rabbit is a considerable dilatation of the 
minute vessels and an increase in their permeability as evinced by the 
passage of trypan blue into the anterior chamber: this can have no causal 
relation to a fall in the intra-ocular pressure. An enophthalmos may be 
caused by a contraction of the recti muscles or a relaxation of the tone 
of the plain muscle of Müller. A record of the rectus muscle shows no 
associated contraction; and this movement of the eye as well as the fall 
in its pressure remain unimpaired after the administration of curare. 
Moreover, a contraction of these muscles could in no sense be associated 
with a fall in tension. It appears, therefore, that atropine causes a re- 
laxation of the tone of the plain muscle, and that this is responsible (the 
blood-pressure remaining constant) for the accompanying fall in the 
pressure of the eye: the action seems comparable to the effect of this 
drug upon the internal musculature of the eye. On the other hand, the 
rise which is seen to come later in onset and smaller in degree than the 
fall is due to a vaso-dilatation, and since the temperature remains 
practically constant after its administration (a rise of 0-25° to 0-5° C. was 
occasionally noted), it would seem that the dilatation affects the minute 
vessels rather than the arterioles. 


In the intact animal after the administration of physostigmine (ot 
0-5 c.c. to 1c.c. of a 1 p.c. solution), the increased blood-pressure is 
associated with an increase of the intra-ocular pressure. This result occurs 
invariably, but in the perfused animal its components can be analysed. 
Fig. 23 shows the rise elicited by 0-5 C. C. associated with enophthalmos, 
which is due to an increase in the tone of the recti. So far as the vascular 
reaction is concerned, a capillary dilatation occurs which can be observed 
microscopically in the minute vessels on the anterior surface of the iris 
of the rabbit. It is, moreover, associated with an increased capillary 
permeability as may be demonstrated by the passage of trypan blue into 
the anterior chamber after its injection into the blood stream. The 
muscular component in this reaction is abolished by curare and, after the 
administration of this drug, a steady but much less marked rise in the 
pressure of the eye occurs on the injection of physostigmine. This is well 
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illustrated in Fig. 24: here muscular tremors are abolished, but the 


resultant intra- ocular pressure, although slightly lower than its normal 
original height, yet remains at a considerably higher level (about twice) 
than is seen in the case of the normal eye after a similar dose of curare 
(Fig. 25). This difference represents the effect of vaso-dilatation in raising 
the intra-ocular pressure. 


Fig. 23. 18 0.0. 1 p.c. physostigmine (perfused dog’s head). 
Fig. 24. 2.0. 2 p.c. curare after 1 0. 0. 1 p. O. physostigmine (perfused dog’s head). 


It is constantly stated that the action of physostigmine (or eserine) is 
to lower the intra-ocular pressure, but it can be very definitely asserted 
that, although this occurs in an eye which is the subject of glaucoma due 
to an obstruction of the filtration channels of the intra-ocular fluid at 
the angle of the anterior chamber, yet it does not occur in the normal eye. 
This applies both to the normal eye of experimental animals and to that 
of the human subject, in both of which eserine causes a rise in pressure. 
Conversely, while atropine will cause a rise in pressure in an eye in which 
the filtration channels are pathologically obstructed, it causes a fall of 
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pressure in the normal eye; we have seen that, in spite of the fact that 
a mydriasis is a constant sequela of the administration of adrenaline, a 
rise in the pressure of the eye is sometimes maintained and a fall at other 
times. It appears, therefore, that contraction or dilatation of the pupil 
has little influence per se on the intra-ocular pressure of the normal eye. 
This fact is to be expected if the aqueous humour is a dialysate. 


Curare. | 
In the intact animal the administration of curare invariably leads to 
a fall in the intra-ocular pressure, which appears to follow a fall in general 
blood-pressure which occurs simultane- 
ously. Experiments on the perfused eye, 
however, show that, although the general 
blood-pressure remains constant, a fall 
of intra-ocular pressure still occurs 0 
approximately half the original height 
(Fig. 25). This fall is associated with @ 
pronounced movement of exophthalmos, 
and is due to a complete relaxation of 
the tone of the recti muscles. This ob- 
servation is of interest, as we do not 
think it has been hitherto recognized 
that the normal tone of the musculature 
of the eye influences the pressure to 80 
pronounced an extent. 


Discussion. 

It is proposed to continue this subject 
in a subsequent paper, but it may be 
convenient here to discuss two points 
which have emerged, which we believe 
to be of importance. In the first place Siam 
we have never been able to detect an; 
evidences in the variations of the intra- | Le 
ocular pressure of any factor which would Fig. 25. 20.0. 2 p. o. curare 
suggest the intervention of secretory 


energy. Each reaction which we have studied can be explained fully on 
observed muscular and vascular events, and is in every way compatible 
with the theory that the intra-ocular fluid is a dialysate of the capillary 
blood. It has been suggested, for example, that the rise of intra-ocular 


* 
23 
‘ 
4 
* 
8 
veg 
* 
id 
** — 
= 
x 
— 
‘4 
3 
é 
— 4 
. 
* 
‘a 
> 
* * 
* 
* 
‘4% 
7 
. 
aw 
Boy 
ab 
7 
2 
. 
58 
Mg 
* 
. 
4, 
2 
— 
** 
4 * 
2 


INTRA-OCULAR PRESSURE. _ 27 


pressure following the exhibition of physostigmine is due to the stimulation 
of secretory activity by this drug, and that the increase in the protein 
content of the aqueous which accompanies the rise has a similar explana- 
tion [Seidel, 1920]. There seems no doubt, however, that the rise of 
pressure is due partly to increased tone of the recti muscles, and partly 
to capillary dilatation, and that the increased permeability of the minute 
vessels to colloid dyes fully explains the phenomenon which has been 
observed of an increase in the colloid content of the aqueous humour: 
in this we are in agreement with Wessely [1915], Thiel [1923, 1924] 
and Adler and Landis [1925]. All the other changes recorded can be, 
as we have seen, adequately explained on similar lines. 

The second point to which we would draw attention is the very great 


influence which the musculature of the eye bears upon the intra-ocular 
pressure. This has been noted in the literature before, but sufficient 


attention has not, perhaps, been drawn to it. The following observations 
complete the reactions which may be elicited by the various groups of 
muscles, 

1. The muscles of the lids. A gentle closure of the lids, such as is 
elicited by inducing the corneal reflex in a dog by touching the cornea 
with a hair, involves the surprisingly large increment of pressure of 
5 mm. Hg (Fig. 26). 


: Fig. 26. Fig. 27. Fig. 28. 
Fig. 26. The effect of light closure of the lids on the intra-ocular pressure (dog). 
Fig. 27. The effect of electrical stimulation of the facial nerve on the intra-ocular 


pressure (dog). 
Fig. 28. The effect of electrical stimulation of the cervical sympathetic in the 
exsanguinated dog. 7 


2. The orbicularis muscle. If a contraction of the orbicularis is induced 
by electrical stimulation of the VIIth nerve, the rise is very much — 


(26 mm. Hg) (Fig. 27). 


a 
* 
the 
17 
— 
* 
4 
. * 
* 
4 ig 
2 
1 
E 
* 4 
a 
9 
4 
ay 
* 
: 
* 
3 
E 
3 
. 
3 
4 
* 
we 


28 J. COLLE, P.M. DUKE-ELDER AND . S. DUKE-ELDER. 


3. The plain muscle of the orbit. With regard to the plain muscle of the 
orbit its uncomplicated effect is seen in stimulating the cervical sympa- 
thetic electrically immediately after the death of a dog by exsanguination 
(Fig. 28): in this case, since the vessels are empty, the entire effect must 
be muscular. Further illustrations of the effect of its stimulation are seen 
in the results of the administration of adrenaline (Fig. 5); and the fall 
of pressure resulting from its loss of tone is seen (somewhat masked 
by the rise due to vaso-dilatation) on the administration of atropine 
(Fig. 22). 

oa The striped siecle of the orbit. The rise of intra-ocular pressure 
following stimulation of the voluntary muscles is seen in the rise of 
pressure following the injection of acetyl-choline (Fig. 16) or eserine 
(Fig. 23); while the fall, amounting to half the total height of the intra- 
ocular pressure, which follows their paralysis, on the administration of 
curare (Fig. 25). The effect of large doses of nicotine is interesting, the 
great rise of intra-ocular pressure being due to contraction of both the 
voluntary and involuntary musculature (Fig. 20). 

The importance of this with regard to the theory advocated by one 
of us is very considerable. It was suggested that the intra-ocular fluid 
was a dialysate of the capillary blood, and that as such, apart from a 
continuous metabolic interchange throughout all the vascularized tissues 
of the eye, and a “thermal circulation” in the anterior chamber caused 
by convection currents necessitated by temperature differences between 
the air-cooled cornea and the vascularized iris, there was no primary 
through-and-through circulation in the eye. It was suggested, however, 
that constant pressure changes due to muscular activity superimposed 
upon it a “pressure circulation,” an exit being provided for the aqueous 
humour on any increment of pressure by the safety-valve action of the 
canal of Schlemm [Duke-Elder, 1926]. In this view the intra-ocular 
fluid resembles the tissue fluids generally, not only in their origin but also 
in their circulation which depends essentially on muscular activity. The 
plain muscle of Müller is not so fully developed in man as in the dog or 
cat: but in addition to the constant slight variations in pressure produced 
by the pulse-beat (1 to 1-5 mm. Hg) and the respiratory excursion (4 to 
5 mm. Hg) (see Fig. 10), the constant movement of the lids and the 
orbicularis, as well as of the extrinsic muscles of the eye, will provide 
ample stimulus for such a circulation on a considerable scale. When one 
adds the fact that a contraction of the ciliary muscle by pulling upon the 
scleral spur will create a negative pressure in Schlemm’s canal and will 
considerably aid such a circulation, the situation seems amply met. It 
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is doubtless the lack of this muscular activity during the night which is 
responsible for the diurnal variation in the tension of the eye, a pheno- 
menon which has been known clinically for some time, whereby the intra- 
ocular pressure is normally at its highest in the morning before movements 
are commenced, and at its lowest at the close of the day. 


CoNCLUSIONS. 


1. From observations based on the variations in intra-ocular pressure 
in intact animals and in the artificially perfused eye, from temperature 
records taken in the anterior chamber, from the direct observation of the 
vessels of the iris, and from records of the contraction of the extra-ocular 
muscles, the following conclusions are reached with regard to the action 
of drugs upon the eye uncomplicated by general systemic effects: 

(a) Adrenaline in small doses dilates the capillaries, increasing their 
permeability and raising the intra-ocular pressure; in large doses it con- 
stricts the vessels, lowering the intra-ocular pressure; in any dose it stimu- 
lates the plain muscle of the orbit, raising the intra-ocular pressure, and 
dilates the pupil which is without effect on the intra-ocular pressure. 

(6) “Pituitrin” constricts the arterioles, lowering the intra-ocular 
pressure, and stimulates the plain muscle of the orbit, raising the intra- 
ocular pressure. 

(c) Histamine (in the dog and cat) dilates the minute vessels and 
increases their permeability, raising the intra-ocular pressure provided 
these have sufficient tone; otherwise its action is confined to a constric- 
tion of the arterioles, an action which lowers the intra-ocular pressure. 

(d) Choline dilates the minute vessels and stimulates the voluntary 
striped muscles of the orbit, raising the intra-ocular pressure. 

(e) Nicotine manifests its action entirely by stimulating the plain and 
striped muscle of the orbit to contract, thus — the intra-ocular 
pressure. 

(f) Atropine dilates the minute vessels and increases their perme- 
ability, thus raising the intra-ocular pressure, and relaxes the plain muscle 
of the orbit, thus lowering the intra-ocular pressure. 

(g) Physostigmine dilates the small vessels and increases their 
permeability and also increases the tone of the voluntary muscles of the 
orbit, thus increasing the intra-ocular pressure. 

(h) Curare lowers the intra-ocular pressure by relaxing the tone of 
the voluntary muscle. 

2. So far as the present investigations go, there is no evidence of any 
secretory activity influencing the intra-ocular pressure: all the changes in 
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the latter are compatible with the theory that the aqueous humour is a 
dialysate. 

3. The pulse beat, the respiratory excursion, and the extra-ocular 
muscles exert a sufficient influence upon the intra-ocular pressure to 
maintain an efficient pressure circulation of the aqueous humour. 


We have to express our thanks to Prof. Lovatt Evans for his 
advice and criticism in the conduct of these experiments, 
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AN INVESTIGATION INTO A POSSIBLE NERVOUS 
MECHANISM INVOLVED IN THE LIBERATION 
OF HISTAMINE. 


By R. d. MACGREGOR anp S. PEAT, 


(From the Physiology Department, The University, Edmund Street, 
Birmingham.) 


Tun significance of the relatively large quantities of histamine in ex- 
tracts of lung tissue compared with extracts of other tissues found by 
Best, Dale, Dudley and Thorpe [1927] is as yet not understood, 
indeed, as Dale [1929] has pointed out, the presence of histamine in so 
large a quantity in this organ presents a physiological problem by itself. 

In view of the work of Lewis and Marvin [1927], which indicates 
that vaso-dilatation caused by antidromic impulses is due to the release 
peripherally of a histamine-like substanee, the possibility of the histamine 
content of the lungs being controlled by a nerve mechanism at once sug- 
gests itself. Such a mechanism is not rendered less probable by the fact 
that chemical substances are released by nerve action in other tissues 
{Loewi, 1921]. | 


The principle in all the experiments to be described is the same. Cats 
are used as experimental animals with one exception, the anesthetic being 
ether induction followed by medinal, 0-43 g. per kg. body weight injected 
intravenously*. The left lung, which serves as a control, is removed with 
as little disturbance to the animal as possible. The animal is then sub- 
jected to the required experimental conditions, following which the right 
lung is removed. Both lungs are worked up by the method of Best, 
Dale, Dudley and Thorpe [1927] in order to determine the amount 


of histamine present per unit weight of lung tissue; the quantity found 


in the experimental lung is then compared with that found in the control. 
A convenient concentration for assay is obtained by making the volume 
1 In one experiment anssthetics were avoided by the use of a humane killer. The right 


vago-sympathetic trunk in the neck was dissected and stimulated immediately after the 
death of the animal. 
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in ¢.c. twice the weight of the tissues in g. The extracts are sterilized at : 
100° C. and kept in a refrigerator at 0° C. | 

The histamine in the extracts is quantitatively determined by the 
method of Burn and Dale [1926] in which the depressor action on the 
blood-pressure of a cat is matched against a standard histamine solution. 
With the anesthetic used, namely, medinal, the blood-pressure regularly ? 
remained fairly constant over a period of 6 to 8 hours. Histamine di- 
phosphate, 30 mg. in 10 C. c. H,O (1: 1000 histamine) sterilized at 100° C. : 
and preserved in sealed ampoules each containing 1} c. c., is used for the : 
standard solution. A test showed that the physiological oe was 
unimpaired after keeping in this way for 4 months. | 


CoNTROL EXPERIMENTS. 


In order to determine what effect, if any, on the histamine content, 
bacterial action or autolysis might have under the conditions of the | 
extraction, the lungs were removed from a cat, weighed and minced. : 
Alcohol was immediately added to the left lung, while the right lung, | 
without sterilizing precautions, was allowed to stand in the laboratory 
overnight. This was deemed a sufficiently drastic test to cover any 

| exposure to bacterial or enzymic action that might occur during the 
normal procedure. Alcohol was then added to the right lung tissue and 
the two solutions were worked up in the usual way. The physiological 
assay showed that the histamine contents of the two lungs were equal. 
Best [1929] found that incubation at 37° C. for 2 days caused most of 
the histamine content of the lungs to disappear. 

The loss of histamine inherent in the technique of the method was 
estimated by adding a known quantity of histamine to one excised lung, 
using the other lung as control. The two lungs were then worked up under 
identical conditions. In three experiments histamine was added equi- 
valent to 44-6, 50-Q and 45-5 mg./kg. and the loss of added histamine was 
found to be respectively 28, 30 and 23-5 p.c. The average loss was there- 
fore 27 p.c. 

Experiments conducted to determine the sensitivity of the method 
showed that the dose of standard histamine which, with most cats, gave 
a convenient depression for matching purposes, was 0-001 mg. (0-5 c. o. 
of 1: 500,000 histamine solution). In a few cases more concentrated 
solutions were used, but with most animals this was impossible, as an 
increase of the histamine dosage much beyond 0-001 mg. led to the attain- 
ment of a maximum depression of blood-pressure. During these assays 
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repeated tests were made to ensure that matching doses produced de- 
pressions which were always smaller than this maximal value. 

It is difficult, if not impossible, to make a reliable statement as to the 
degree of accuracy obtainable by this method; it varies with factors such 
as the animal used, the concentrations of the solutions, the amounts in- 
jected, the time of injection, and others. 

In the average cat, however, under medinal ansesthesia we consider 
it is possible to detect with certainty a difference of 0-0002 mg. of 


histamine in the test solution. With the doses and concentrations 


habitually used here, this figure indicates a possible error in assaying the 
total histamine content of the lung extracts of not more than 20 p.c. 


EXPERIMENTAL RESULTS, 

The experiments may be conveniently divided into two groups, 
A and B. 

A. Direct faradic stimulation of the nerves supplying the lungs. 

(1) Sympathetic. 
(2) Para-sympathetic. 
(3) Mixed vago-sympathetic. 

The chest was opened under artificial respiration, and ligatures were 
placed without tying round the roots of the lungs. The nerve to be 
stimulated was prepared and the electrode applied. In the case of 
stimulation of the para-sympathetic alone the pulmonary branches of 
the right vagus were taken. The ligature on the root of the left lung was 
then tied tightly, and the left lung removed with very little hemorrhage. 

Time was allowed for the animal to adapt itself to new conditions 
with one lung, and the nerve was then stimulated with a faradic current 
of maximal strength for a period which varied in different experiments. 
On completion of the stimulation the ligature round the root of the 
remaining lung was tied tightly and the lung removed. Six experiments 
were conducted in this manner. In four other experiments (7-10) a 
modification of the technique was carried out by stimulating the nerve 
after stoppage of the circulation through the lung by ligating the pul- 
monary artery before stimulation. 

B. 


certain drugs. 


(1) Adrenaline. 
(2) Pilocarpine. 
(3) Physostigmine. 
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The left lung having been removed, the drug was perfused into the 
femoral vein, the quantity and time of perfusion varying with the experi- 
ment. The right lung was then removed as in the first group. 

A record of the carotid blood-pressure was made during the perfusion. 
Four experiments were performed in which, instead of perfusing with 
adrenaline, the splanchnic nerve (right) was stimulated in an animal in 
which the right lung only was — The results are summarized in 
Table I. 


Tam I. 
Group A. 
Dura- 
tion of : Wt. of lungs in g. Histamine in lungs 
stimu- * (mg. per kg.) 
Exp. Weight lation Control.ĩ — 
no. Sex in kg. (min.) Exp. Right Left Right Left 
1 M. 3-0 8. G 44 140 40-0 40-0 
2 M. 2-6 st S. G 114 16-8 75-0 75-0 C. 
3 M. 2-0 3 V.8. 9-1 5-9 30-0 C. 
4 F. 2˙8 3 V. S. 19-9 125-0 125-0 
8 2-8 3 V. S. 11˙5 8:8 12-0 12-0 
6 F. 2-5 24 P. v 9-7 5-9 16-8 16-8 C. 
7a M. 3-2 2 S. G 179 12-3 27-6 12:3 
8a MN. 3-6 3 8. G 19˙4 14-6 35-0 35-0 C 
9a F. 2˙6 2 S. G 13-3 11-6 30-0 30-0 
10a M. 18 3 V.8. 20°8 15-2 90-0 90-0 
Group B. 
Total amount 
injected (mg.) 
1 M. 30 Adr. 1-5 16-0 9-7 24-0 24-0 
2 F 28 P. N. 30 6-8 4:7 13-4 
3 F 29 P. N. 10 15-5 9-9 36-8 36-8 
D. 4 F 90 P. N 42-5 26-9 16-0 16-0 
5 F 29 Phys. sal. 6-5 13-3 6-4 30-0 
6 F 30 8 12˙3 7:95 8-8 13-4 
7 M. 3-0 8 13-25 9-1 11-6 11-6C. 
8 F 2-0 8 21˙9 14-4 20-0 
9 M. 3-2 1 18-4 16-0 60-0 60-0 C. 


M. Male. F. Female. 8.G.=Stellate ganglion stimulated. V.S.=Cervical vago-sym- 
pathetic stimulated. P.V.= Pulmonary branches of vagus stimulated. C. = Biological assay 
confirmed on an atropinized animal. a =Circulati sted. Adr. = Adrenaline. Burroughs- 
Wellcome tablets. P.N.=Pilocarpine nitrate. D.=Dog used in Exp. 4 instead of cat. 
Phys. sal. = Physostigmine salicylate. Sp. N. Both 
vagi were cut in all experiments. 

* In Exp. 5 animal killed with humane killer (Cash pistol). 


It will be seen that, under the conditions of these experiments, the 
histamine content of the control lung as compared with that of the lung 
subjected to the experimental procedure described, shows no detectable 
difference. As the table shows, in three cases a difference was found 
between the histamine content of the stimulated and of the control lung. 


2 
2 
8 
N. 
“ig 
* 
+ 
7 
i * 
4 
yz 
Fr 
— 
Sy 


he 
ri- 


988 


able 


HISTAMHINE LIBERATION. 35 


Repetition of these particular experiments under identical conditions 


failed, however, to confirm this difference. 


SuMMARY. 

Using a technique which is able to estimate a difference in the hista- 
mine content of the lung of 20 p.c. or more, it was found that neither 
stimulation of the nerves supplying the lungs nor perfusion with adrena- 
line, pilocarpine or physostigmine gave rise to any detectable change in 
their histamine content. 5 


We wish to thank Prof. I. de Burgh Daly, who suggested this 
research, for his continued interest during the course of the work. 
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STUDIES ON OVULATION. 


IV. Induction of ovulation in the hypophysectomized rabbit 
by administration of anterior lobe extracts. 


By MARGARET HILL 
AND A. S. PARKES (Beit Memorial Research Fellow). — 


(From the Department of Physiology and Biochemistry, 
‘University College, London.) 


I. InrRopvucTION. 


Follow up the pioneer work of Evans [1921], Zondek and 
Aschheim [1927], Smith [1930] and Smith and Engle [1927], it was 
shown [Fee and Parkes, 1929] that hypophysectomy in the rabbit, 
within 1 hour of copulation, inhibits the ovulation which would otherwise 
take place in about 10-12 hours. To demonstrate conclusively that a 
genuine hormone effect was involved, it was clearly necessary to show 
that the pituitary body could be replaced by an extract, i.e. to induce 
- ovulation in the hypophysectomized rabbit by injection of extracts of 
anterior lobe l. This necessary corollary to the work described in the first 
of this series of studies is provided by the experiments recorded below. 


II. TecHniQug. 
Experimental procedure. 

In all animals a preliminary laparotomy was performed to ascertain 
the state of the ovaries. Hypophysectomy was carried out as previously 
described [Fee and Parkes, 1929], care being taken to complete the 
operation in mated animals in less than 30 minutes after copulation. All 
injections were made intravenously. Details of time of injection after 
hypophysectomy, number of injections, amount of extract given, etc., 
are shown in Table I. At about 10 hours after injection the abdomen was 

1 At the meeting of the Physiological Society in April, 1929, a demonstration entitled 
“Ovulation in the unmated, hypophysectomized rabbit” was given by H. Florey and 


C. W. Bellerby. So far as can be ascertained, however, no account has been published of 
this work. 
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Tann I. Induction of ovulation in the hypophysectomized rabbit by administration of 


preparations of the anterior lobe. 
Time of Time of 
hypophy- Injections death or Time of 
“etter” “Time of Time after 
and tract hypophy- „and mount (hr. and Ovula- ; , 
Condition (HAP) sectomy No. min.) tion 
4 D586 Gstrous 02 10 0˙10 1 20 1945 Les 213.30 9 follicles ovulated 
APD 63 a 022 11 Ob 1 — 10 1850 Tes 21 12 follicles ovulated 
APD 68 02 13 01 1 10 =1200- No — Some growth of fol- 
19-00 licles 
APT 2 Pseudo- — 8 015 15-45 30 1815 Ves 17-00- 4 follicles ovulated 
pregnant 18-15 
APT 13 ao — 11 028 1 — 10 1915 Tes 12-30 4 follicles ovulated 
APT 22 6 — 3 Ob 1 — 10 1825 No —  4follicles with pre- ovu- 
lation baamorrhage 
APT 15 Immature — ll Ob 1 — 10 1455 No 1 follicle with pre- ovu- 
APT 24 8 — 13 3 1455 20 2435 Les 19-25 1 follicle ovulated, 4 
with pre-o 
APT 24a „ — 13 00 2 605 20 1410 No — Considerable growth of 
APT 6 6 — 10 Ob 2 530 24 2045 Yes 2186 7 follicles ovulated 


again opened, and observations on the ovaries were continued until 
ovulation or death. All ovaries were fixed, but in the majority the con- 
dition of the follicles was so obvious that histological examination was 
unnecessary. A few doubtful ovaries, however, were sectioned. 

After initial success with cestrous rabbits, experiments were carried 
out on hypophysectomized pseudo-pregnant and immature animals, 
possessing no ripe follicles. Greater difficulty was experienced in pro- 
ducing ovulation under such conditions, but some positive results were 
nevertheless obtained. 

Preparation of extracts. 

In order to carry out these experiments, it was first essential to obtain 
from anterior lobe tissue an active extract which could be tolerated 
intravenously by decerebrate rabbits. The so-called alkali extract 
originally used by Evans and his co-workers [Evans, 1921; Teel, 1926] 
naturally proved to be highly toxic, probably owing to the introduction 
of a large amount of foreign protein. Wiesner’s [Wiesner and Crew, 
1930] sulphosalicylic acid preparation seemed unpromising, owing to the 
difficulty of removing the precipitating agent. Collip’s [1930] method 
for placente could presumably be applied to anterior lobe tissue, but at 
the time no details of his technique were available. 

In approaching the problem of removing the proteins without losing 
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the hormone by adsorption, two considerations presented themselves: 
(a) that the hormone is readily soluble in 50 p.c. alcohol [Flower, 1923; 
Hill and Parkes, 1930], which would precipitate much of the protein 
present, and (b) that any hormone carried down by adsorption could 
possibly be removed by the use of acid or alkali. The ordinary so-called 
alkali extraction method throws no light on the behaviour of the hormone 
towards protein in alkaline solution!, but, on the other hand, Bellerby’s 
[1929] results with acid extracts? seem to indicate that the hormone is 
not adsorbed in acid solution. It was determined, therefore, to make 
an acid-alcohol extract, giving the tissue an initial “digestion” with 
alkali to increase the efficiency of extraction. Our method of preparation 
was therefore as follows: The anterior lobes of fresh ox pituitaries were 
dissected out, weighed and ground in a mortar with a little sand. N/10 
NaOH was then added, 1 c. o. of alkali for each gram of tissue present. 
After standing in the cold store overnight, the macerated tissue was 
neutralized with N/10 HCl, and 90 p.c. alcohol N/10 HCl added so that 
the final concentration was approximately 50 p.c. alcohol N/20 HCl. A 
heavy precipitate came down and, after standing 6 hours, the solution 
was centrifuged off, and neutralized with N/10 NaOH. It was then 
evaporated to dryness, taken up in water (100c.c. per 50 g. original 
tissue) and re-centrifuged until a clear, pale yellow liquid was obtained. 
It was found that as much as 20 c.c. of this extract could usually be in- 
jected intravenously into decerebrate rabbits without undue toxic effects. 
A number of premature deaths occurred, but it is difficult to say how far 
the usual mortality following decerebration was increased by injection. 


III. ExPERIMENTAL RESULTS. 


In Table I are given the details relating to ten hypophysectomized 
rabbits surviving for 12 or more hours after injection. The following 
conclusions may be drawn: 

(a) Extracts of ox anterior ey tissue will produce ovulation in 
the hypophysectomized rabbit. 

(6) In cestrous animals the time taken for induced ovulation to occur 
is rather greater than the normal latent period after copulation. 

(c) In pseudo-pregnant or immature animals the reaction time is 

18 Most workers using alkali appear to have neutralized the material before centrifuging 
a procedure which results in the supernatant fluid being merely a saline extract of alkali- 
created tissue; and in any case large amounts of protein are present in the extract. 


* ‘Tre acid extracts, since the preparation was filtered and shaken with kaolin before 
neutralization. 
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much greater, owing to the necessity for the initial pre-maturation 
growth of the immature follicles. Greater amounts of extract are also 
required. 

(d) Ovulation induced after hypophysectomy is preceded by the 
usual follicular changes, i. e. distension of the follicle, rupture of capil- 
laries in the theca interna, and the protrusion of the follicular wall i im- 
mediately before ovulation. 

(e) Ovulation is not produced with absolute regularity, and the re- 
sponse of two rabbits to the same amount of the same extract may be 
quite different, both as regards the occurrence or not of ovulation, and 
the number of follicles ovulating. These discrepancies, however, are 
adequately accounted for by the lack of a really good anterior lobe pre- 
paration, and by differences in the number of ripe follicles present and 
in the general condition of the ovaries. 


IV. Summary. 

1. Acid-alochol extracts of the anterior lobe of ox pituitaries will 
cause ovulation in oestrous, pseudo-pregnant or immature rabbits hypo- 
physectomized by decerebration. 

2. The time taken for induced ovulation to occur in estrous animals 


is rather greater than the normal reaction time after copulation: in 


pseudo-pregnant and immature animals the smallness of the follicles 


results in a much longer latent period. 
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STUDIES ON OVULATION. 


V. The action of the ovulation-producing substance of urine 
of pregnancy on the hypophysectomized rabbit. 


By MARGARET HILL 
anp A. 8. PARKES (Beit Memorial Research Fellow). 


(From the Department of Physiology and coe dle 
University College, London.) 


I. InrropvuctTion. 


In the absence of definite proof, it cannot be assumed that the 3 
produeing substance found in the placenta and urine during human 
pregnancy originates in the anterior pituitary body. Nor can it be as- 
sumed that it is a substance identical with that found in the anterior 
lobe, but elaborated elsewhere, possibly in the placenta. No definite 
evidence has so far been forthcoming that it is not a different substance 
having a superficially similar action on test animals. Since the great 
majority of test animals have been immature rats or mice, having their 
own hypophysis intact, the effect of urine extracts might merely be to 
stimulate the pituitary body of the immature test animal. Some such 
supposition is, in fact, suggested by Evans and Simpson’s [1929] 
observation that, whereas the ovarian response to pituitary substance is 
proportional to the amount given, the response to urine preparations, 
once the threshold value is reached, is not increased by the administra- 
tion of larger amounts. 

To test preparations for anterior pituitary substances on animals 
with normal pituitaries is as unsound as it would be to test for cestrin 
on animals with their ovaries intact, but the operative difficulty of hypo- 
physectomy has been an obstacle to the correct procedure. It has recently 
been shown, however, that hypophysectomy (by decerebration) im- 
mediately after copulation inhibits ovulation in the rabbit [Fee and 
Parkes, 1929], and that ovulation can be induced in such animals by 
anterior pituitary preparations [Hill and Parkes, 1930c]. The rabbit 
hypophysectomized by decerebration is therefore a possible test animal. 
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The present paper records a series of experiments designed to ascertain 
whether the substance in urine of pregnancy could produce ovulation 
independently of the intact pituitary of the animal, and whether there- 
fore it may be considered similar, at least, to that of the pituitary body 
itself. 

II. TEcHniqve. 

The experimental procedure was as described in Parts I and IV. In 
most experiments copulated cestrous animals were used, but some tests 
were also made on pregnant, pseudo-pregnant or immature rabbits. 

After initial examination of the ovaries hypophysectomy was per- 
formed as soon as possible in mated animals, usually 20-25 minutes (in 


no case more than 30 minutes) after copulation. The first injection was 


given 10-20 minutes after hypophysectomy; in some animals a second 
injection was given after an interval of up to several hours. From 5 to 
10 c. o. were given at one injection. In some preliminary experiments the 


administration was subcutaneous or intra-peritoneal, but in all those 


recorded here it was intravenous. Observations were carried out as 


before, until ovulation or death. 


In a large number of cases death occurred from one cause or another 
before ovulation could have taken place, but fifty-seven experiments in 
which the animal survived for 12 hours or more after injection were 
carried out with urine and placental extracts, and the results of all 
these are included in the account that follows. 


Preparation of extracts. 

The urine preparations were made as fully described previously 
[Hill and Parkes, 1930 5]; the material insoluble in 80 p. c. alcohol being 
extracted either with water, or with 50 and then 30 p.c. alcohol, 30 0. c. 
of the final solution corresponding to 1 litre of the original urine. 

The extract of human placenta was prepared by the method described 
[Hill and Parkes, 1930 c] for anterior pituitary tissue. Extracts of 
rabbits’ placenta were made by Evans’ [1924] NaOH method, because 
there was no necessity to deproteinize such extracts. The concentration 
of the final extracts was about 2-5 c.c. = 1 g. placenta. Made by these 
methods the urine extracts were toxic in varying degrees, the one 
extract made from human placenta appeared to be hardly toxic at all, 
while the extracts of rabbits’ placenta could be given in very large 
amounts without any adverse 
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III. Errecr oF URINE EXTRACTS AFTER HYPOPHYSECTOMY. | | | 


In view of the potency of urine extracts on normal animals [Hill and 
Parkes, 1930a], it was anticipated that the results on hypophysecto- 
mized rabbits would either be decisively positive (if the urine substance 
was similar in action to that of the anterior lobe) or decisively negative. 
Actually, as shown in Table I, ovulation was produced with urine ex- | 
tracts, but only with the greatest difficulty. Of nineteen cestrous animals ) : 


Tak I. Relative efficiency of extracts of urine of pregnancy (human) and of rabbit 
placente in producing ovulation in the hypophysectomized rabbit. 


Extracts of Extracts of 
its injec ysectomized 
with reparations injected 
urine of with extract of | 
Extracts of urine of Extracts of urine o ancy 
pregnancy (human) rabbit placentze Pb p. 43) (see p. 3) 
— — — —U—A——— — 
No. of No. of No. of No. of 
rabbits No. rabbits No. rabbits No. rabbits No. 
Condition of animal used ovulating used ovulating used ovulating used ovulating 
Estrus— with 15 1 9 0 9 7 2 2 4 
— — 4 1 0 1 1 : 
t — — — 
Pseudo- immature or — — — 1 1 2 1 
no ripe follicles 
Total 27 8 10 0 11 9 8 4 


surviving 12 hours or more, only four ovulated, and in two of these only 
one follicle ruptured. The effect of urine extracts in the hypophysecto- 
mized animal is peculiar for two other reasons: (a) many follicles grow „ 
far beyond the size at which ovulation takes place, without showing any 
signs of ovulation (these are presumably analogous to the blood follicles 
produced in the intact animal, though far more common), and (b) in the 
few animals in which ovulation occurred, the latent period after injection 
was unusually long. The time after injection at which ovulation occurred 
in the four cases was about 14 hours (one follicle), 16 hours (five follicles), ö 
19 hours (two follicles) and 20 hours (one follicle). The presence of the 
luteinizing substance in the urine extracts may of course be responsible : 
for this unsatisfactory result, but this would apply equally to the experi- : 
ments on intact animals i. 

In hypophysectomized pregnant animals? ovulation was induced a 
with rather greater ease, in spite of the initial immaturity of the follicles. * 

1 It was found that about 50 p. c. of normal animals ovulated after injection of urine 
extracts. 

Results (not yet published) on normal pregnant animals indicate that ovulation may 
be produced fairly easily with urine extracts. . 
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Of eight pregnant animals, ovulation was induced in four, in one of which 
seventeen follicles ovulated as the result of injecting 10.c. of urine 
extract after hypophysectomy. Here again, however, the time required 
after injection was abnormally long, between 18 and 20 hours, though 
in these experiments this may have been due to the smallness of the 
follicles. | 
From these results it must be concluded that, while urine extracts 
may induce ovulation after hypophysectomy, some factor is present 
causing complete abnormality and irregularity of the reaction. 


IV. RETENTION OF THE OVARY-STIMULATING HORMONE BY THE 
PLACENTA. 


An extract of human placenta caused ovulation with ease in a hypo- 
physectomized immature rabbit, but, owing to some curious results with 
rabbit placente, no further human material was used. The first extract 
of rabbit's placenta was made from material obtained from an animal 
dying about 4 hours after injection of urine extract. The placental ex- 
tract thus obtained proved to be highly active and caused ovulation in 
several hypophysectomized animals 1. Subsequently, several extracts 
were made of normal placenta from untreated animals (Table II). All 
of these failed to induce ovulation after hypophysectomy, and it became 
necessary to consider whether the preliminary injection of the first 
pregnant animal could have had any effect on the activity of the first 
placental extract. As shown in Table II, three other extracts made from 
the placentes of pregnant animals injected with urine extracts were all 
highly active when tested on hypophysectomized rabbits. The ovulations 
so produced were remarkably normal compared with those obtained on 
urine éxtracts, both as regards the number of follicles ovulating and the 
time taken. This unexpected result completely confirmed that given by 
the first placental extract, and with the experiments on normal untreated 
placenta showed clearly that, whereas no ovulation-producing substance 
is present in normal rabbit placenta, considerable quantities are present 
after preliminary injection of the pregnant animal with urine extracts. 

The next question investigated was the réle, if any, played by the 
anterior lobe of the pregnant animal in this activation of the placenta 
by injection of urine extractions. For this purpose pregnant animals 
were hypophysectomized and injected with urine extracts, the placenta 


1 These were the animals originally reported [Hill and Parkes, 1930 a] as ovulating 
on extract of rabbit's placenta. 
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Tam II. Experiments showing inactivity of normal rabbit placentw, and their activity 
after injection of the pregnant animal with urine extracts. 


Time between 
injection and No. of 
Type of No. of pico ag used for N. 
0. o. 
placenta extract (hr. and min.) test ovulating 

PAP 3 0 
PAP 4 — 2 0 

PAP 5 — 1 0 

PAP 8 — 2 0 

PAP 9 — 2 0 

PAP 18 4 — 1 0 

Total — 10 0 

From t PAP 1 5 4 
PAP 11 4.10 1 1 

with urine extract PAP 10 4.15 2 2 
PAP 13 4.15 3 * 

Total — 11 9 

From 8 PAP 19 0.30 2 1 
mized PAP 12 2.30 1 wise 
— PAP 15 4.00 1 1 

with urine extract PAP 22 4.10 1 0 
PAP 14 4.20 1 1 

PAP 17 12.00 1 0 

PAP 16 21.45 1 0 

Total — 8 4 


then being extracted. It was soon found that, as before, an ovary- 

‘stimulating substance appeared in the placenta in spite of the hypo- 
physectomy. Furthermore, placente were taken at varying intervals 
after injection of the pregnant animals. Our results (Table II), though 
incomplete on this point, suggest that activation of the W does 
not last as long as 12 hours. 


V. Discussion. 

The difficulty experienced in inducing ovulation in the hypophy- 
sectomized rabbit with urine extracts at first suggested that the active 
component of the extracts was fundamentally different from that of the 
pituitary body and caused ovulation in intact animals by some action 
on the hypophysis. It was then discovered that while an extract of the 
placenta of normal rabbits does not induce ovulation, if the pregnant 
animal receives a preliminary injection of extract of urine then the extract 
of its placenta is active. This observation might mean that injection led 
to secretion by the pituitary body of the pregnant animal and retention 
of the hormone by the placenta. Any such theory was, however, dis- 
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proved by the next experiment, which showed that active placenta could 
be obtained from hypophysectomized animals after injection of urine 
extracts. This result suggested that some interaction of urine extract and 
placenta produced a substance which would cause ovulation in the hypo- 
physectomized animal. Some confirmation of this hypothesis was ob- 
tained from the fact that urine extract would induce ovulation in hypo- 
physectomized pregnant animals with comparative ease. It seemed, 
therefore, that the urine substance would only cause ovulation in the 
presence of the anterior pituitary body or of the placenta. Subsequently, 
however, further attempts were made to induce ovulation in non- 
pregnant hypophysectomized animals with urine extracts and, as re- 
corded above, four inferior positive results were obtained. In view of 
these four results it is necessary to suppose that the substance present in 
urine will cause ovulation in the hypophysectomized animal. The least 
improbable explanation of the placental results, therefore, is that the 
ovary-stimulating substance, after injection into the pregnant animal, 
is retained by the placenta, from which it may subsequently be obtained 
by extraction. Such a hypothesis might explain the abundance of ovary- 
. stimulating substance in the human placenta without violating our 
knowledge of the histology of the organ by supposing the hormone to be 
elaborated there. The idea, however, that in our experiments the placenta 
became active merely by the retention of the injected material is open to 
a number of objections: 

(a) If the placenta retains the hormone so readily, its absence in 
normal placenta implies that it is not present in the circulation during 
pregnancy. This might, of course, be explained on the grounds that only 
luteinizing hormone is present during pregnancy. 

(6) A more serious objection is that 10 c.c. of urine extract fails to 
produce ovulation in 80 p. o. of hypophysectomized non-pregnant rabbits, — 
and that where ovulation occurs, it is quite abnormal, whereas 5 c.c. in- 
jected into a pregnant animal will cause enough hormone to appear in 
the placente to induce ovulation in four hypophysectomized rabbits 
perfectly normally (see extract PAP 1). 

In short, one must suppose that our urine extracts were rendered 
hopelessly inefficient in hypophysectomized animals by the presence of 
toxic or other substances, which were eliminated during absorption of 
the hormone by the placenta, or else that the interaction of urine extract 
and placenta results in the elaboration of a substance that induces 
ovulation but is different from that found in urine. Neither explanation 
is attractive, but of the two the former seems preferable. 
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VI. Summary. 

1. Great difficulty was experienced in inducing ovulation in hypo- f 
physectomized rabbits by the administration of urine extracts. In four 
cestrous animals out of nineteen, however, one or more follicles ovulated. 

2. Extracts of normal rabbits’ placentæ were found not to induce 
ovulation. 

3. Highly active extracts were, however, prepared from the placentee 
of intact or hypophysectomized rabbits previously injected with urine 
extracts | 


4. Possible explanations of the results are briefly discussed. 


The expenses of the work described in this and the preceding paper were defrayed from 
Committee of the Royal Society (M. H.). { 
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ADAPTATIONS OF THE ORGANISM TO CHANGES 
IN OXYGEN PRESSURE. 


By D. B. DILL, H. T. EDWARDS, A. FOLLING, S. A. 
OBERG, A. M. PAPPENHEIMER, Jr. ann J. H. TALBOTT. 


(From the Fatigue Laboratory, Morgan Hall, Harvard University, 
Boston, and the U.S. Fish Hatchery, Leadville, Colorado.) 


Part I. 


PHYSICOCHEMICAL CHANGES IN HUMAN BLOOD AT LOW OXYGEN 
PRESSURE. 


Wrru increasing partial pressures of oxygen, starting with the lowest 
value compatible with life, the rate of change of working capacity is at 


first large but, by the time sea-level or its equivalent oxygen concentra- 
tion is reached, further increments in oxygen pressure are accompanied 
by much smaller increases in capacity of the body for oxygen transport 
[see Margaria, 1929]. The quantitative relationship, however, between 


oxygen partial pressure and metabolic processes is not well defined in 


the range of barometric pressures extending (in air) from 500 to 1500 mm. 
Hg. There is little question as to the beneficial effect of oxygen treatment 
on pneumonia, but it is not certain to what extent the advantage gained 
is due to better oxygen supply to an overtaxed heart. Still more obscure 
is the mechanism of benefit (if it exists) of high concentrations of oxygen 
on pathological conditions which do not necessarily involve the respira- 
tion and circulation!. In the case of a normal man we have, on the one 
hand, the statement of Barcroft [1925] that researches are not worth 
doing much below 14,000 ft., and the conclusion of Margaria that, even 
without acclimatization, the working capacity at a barometric pressure 
of 540 mm. is 88-5 p.c. of its value at sea-level. On the other hand, 
Furusawa, Hill, Long and Lupton [1924] found that a runner can 
increase his maximum rate of oxygen intake by two-fifths by breathing 
at sea-level a mixture containing 40 p.c. oxygen. This observation 

1 A steel tank has been built for this purpose at the Medical School of Kansas State 


University. An air pressure of 20 Ib. above atmospheric is maintained. Several hours’ 
treatment each day over a period of many weeks has had favourable results in many cases. 
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is compared in Fig. 1 with the experiments of Margaria. While 
Margaria’s results indicate that the limiting value for oxygen trans- 
port capacity is nearly reached at a barometric pressure of 760 mm., 
the results of Furusawa, Hill, Long and Lupton suggest that the 
relation between these two variables is nearly linear — barometric 
pressures of 500 and 1450 mm. 


150 


8 


WORKING CAPACITY IN PERCENT OF SEA LEVEL VALUE 


0 500 1000 1500 
BAROMETRIC PRESSURE IN wm Ho 
Fig. 1. Oxygen transport as a function of oxygen partial pressure, given as 
equivalent barometric pressure of air. : 

These considerations led us to undertake an investigation of physio- 
logical changes at the moderate altitudes of 10,000 and 14,000 ft. While 
we were principally concerned with a study of muscular activity, certain 
observations were made upon the properties of.the blood of man at rest, 
particularly the acid-base equilibrium and the form and position of the 
carbonic acid and oxygen dissociation curves. 

Observations were made on venous blood, equilibrated at 37-5°, on 
the eight members of our party and on three members of the Leadville 
hatchery staff. Six experiments were made on blood from Fölling, 
Oberg and Pappenheimer during a 4-day sojourn at 14,000 ft. 
Samples were taken on the fourth day, mixed with heparine, packed in 
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snow and brought to the laboratory. There was no significant formation 
of lactic acid in these specimens during the 3-hour return journey. A 
similar series of experiments were made at sea-level, some details of 
which have been given by Dill, Edwards and Talbott [1930]. Table I 


TaBxz I. Position of the oxygen and carbonic acid dissociation curves at sea-level 


and at high altitudes*. 
at half saturation and Total of 700,240 mm. Hg 
“time 70. pH,= 1 mm. Hg 
Geneve 10,001 ft. tt. 600 ft. ft. 
| mm, mEq 
Subject (days) Hg) Hg) Hg) perl) per i) per 1) 
Pa 41 27˙2 25-5 28-5 21:3 19-6 19-1 
39 28-2. 77 — 22-1 20-2 19-2 
Oberg 52 27-0 27-1 — 20˙7 18-4 18-7 
Dill 22 28-2 29 · 5 — 22-2 19-6 — 
Talbott 30 26-9 27-6 — 20-8 19-0 —ͤ— 
Edwards 53 25-6 28-2 — 21-2 18-5 — 
Bramlett 30 25-7 28-5 — 20˙3 18-7 — 
Bowen 15 26-6 28-2 — 20-9 1 — 
Average: visiting party 256 · 9 27-8 — 21˙18 19-17 19-0 
Whiteman — — 28 ·5 — — 18˙6 sii 
Johnson — — 28-2 — — 18-4 diet 
i — — 29˙3 — — 19-4 — 
Average: residents — 28-7 — — 18-80 — 


2 The sea-level experiments on Dill, Talbott and Edwards were made before going to 
Leadville, on the other subjects after their return: Fölling, 2 weeks after; Bowen, 4 weeks; 
Pappenheimer, 7 weeks; Oberg, 9 weeks; Bramlett, 15 weeks. 


based upon all experiments, gives the position of the oxygen dissociation 
curve, calculated to a pH, value of.7-11 in every case. The affinity of 
blood for oxygen, thus defined, was either unchanged or slightly decreased 
at Leadville. Even the observation made on Pappenheimer after 


4 days at 14,000 ft. was within the normal range for sea-level. Neither 


did a graphical comparison of the curves show any change in form. The 
inherent properties of hzemoglobin were unchanged under the conditions 
of our experiments, indicating that the only mechanism for altering the 
affinity for oxygen of blood in vitro was the hydrogen-ion concentration. 

The position of the carbonic acid dissociation curve of oxygenated 
blood, shown in the same table, was lower in every subject at Leadville 
than at sea-level. The average decrease was 2-0 mEq. per litre or about 
one-tenth. After 4 days at 14,000 ft. there was a further change in three 
subjects of — 1-0, + 0-3 and — 0-5, averaging — 0-4 mEq. per litre. If 


1 pH values for cells were calculated by the Henderson-Hasselbalch — 
assuming pK’ =5-93. 
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changes in alkaline reserve were proportional to changes in barometric 
pressures, there would have been a change of — 0-6 mEq. A steady state 
may not have been reached, but, in any case, second-order phenomena 
complicate the question when such small differences are involved. 
Observations were made on the blood of Talbott and Dill over a 
wide range of oxygen and carbon dioxide pressures. The effect of oxygena- 
tion on the acidity of hemoglobin was normal. Correspondingly, the 
effect of acidity upon the affinity of hemoglobin for oxygen was the same 
as at sea-level. | 
Particular attention was paid to the distribution of bicarbonate and 
chloride between cells and serum. Hastings, ens é McIntosh 


and van Slyke [1928] have shown that the ratios (0, and HOON? 


conveniently referred to as and have values 
in human blood, not only in health, but also in a wide range of patho- 
logical conditions. But Barcroft and his associates in the Cerro de 
Pasco expedition [1922] found that the oxygen dissociation curve was 
displaced much farther to the left than the CO, content of whole blood 
indicated, implying either a change in the properties of hemoglobin or 
an unusual distribution of ions between cells and serum. The data ob- 
tained, together with some supplementary observations on cell and serum 
water, have been employed in calculating the values for these ratios seen 
in Table II. There appears to be little or no change in chloride ratio, 


Taste II. Distribution of chloride and bicarbonate in oxygenated blood at pH, =7-45. 


145003 
Subject Sea-level 10,000 ft. (ath day) Sea-level 10,000 ft. 
—_— 0-792 0-793 0-845 — 0-643 
0-765 0-774 0-815 — 0-628 
Oberg 0-785 0-790 — 0-620 
Dill 0-748 0-779 — — 0-613 
Talbott 0-778 0-779 — — 0-619 
Edwards 0-759 0-770 — — 
Bramlett 0-741 0-793 — — 0-646 
Bowen 0-751 0-788 0.642 
Average: visiting party 0-764 0-785 0-817 0-639* 0-630 
Whiteman — 0-825 0-645 
Johnson — 0-795 — sed 
Average: residents — 0-806 — — — 


* Average of values for 10 men at sea-level, including Dill, Talbott and Edwards. 


4 Thus ra means concentration of cell chloride in cell water divided by concentration 
of serum chloride in serum water. 
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but there is slight increase in bicarbonate ratio with altitude. It is 
possible that the latter change is related to decrease in alkaline reserve, 
for it is of the same order of magnitude as that observed by Dill, 
Edwards and Talbott [1930] in exercise which caused a similar change 
in alkaline reserve. In Fig. 2 we have plotted 7h, for oxygenated 
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TOTAL CO. OF OXYGENATED BLOOD AT „co. = 40mm 
Fig. 2. Distribution of bicarbonate between cells and serum against carbonic 
acid capacity, for varying muscular activity and altitude. 


blood at pH, = 7°45 as a function of carbonic acid capacity of oxygenated 
blood at a carbonic acid pressure of 40 mm, Hg. The straight line indicates 
the trend of all the observations, but the scatter is too great to prove 
that the change observed in ryco, with altitude is related to alkaline 
reserve. 

A number of observations were made on other constituents of blood, 
viz. total base of serum and of cells, serum protein, hemoglobin concen- 
tration in cells, lactic acid and serum phosphorus. The values found were 
within normal limits for sea-level. Since total base concentration is seven 
times as great as bicarbonate concentration, the compensatory effect on 


the former of a 10 p. e. change in the latter is relatively small. A summary 


of serum and cell chloride concentrations at sea-level and at 10,000 ft. 
is given in Table III, This suggests that one-half of the compensatory 
change is due to chloride retention. Even so, the values for serum and 
cell chloride remain within normal limits for sea-level. 
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Tann III. Chloride concentration in serum, cells and blood. HbO,=100 p.c. and 
pH, =7-45, 


19 men at 9 men at 

sea-level Leadville 
Serum Cl I. Av. 106-5 107-4 
— 1 108˙2 
Min. 103-9 105-0 
Cell Cl L Av. 52-2 55-4 
Max. 56-1 58-4 

| Min. 49-1 506 
Whole blood (mEq. L Av. 82-2 81:3 
Max. 85-3 84-8 
Min. 


The increase in hemoglobin concentration in blood was about 10 p.c. 
—somewhat less than that usually observed at the same altitude. We 
are inclined to attribute this to strenuous exercise on the ergometer and 
to climbing expeditions. Destruction of red cells in strenuous mountain 
climbing was noted 20 years ago by Cohnheim, Kreglinger and 
Kreglinger [1909]. 

Using the information thus acquired regarding properties of blood in 
vitro, it is possible to proceed to a study of changes in blood during the 
respiratory cycle. 

Part II, 


GAS EXCHANGE IN THE LUNGS AND THE REACTION OF ARTERIAL SERUM. 


Some possible adaptations by which oxygen supply may be augmented 
are: (a) increase in breathing; (b) increase in proportion of hemoglobin in 
blood; (c) secretion of oxygen; (d) change in the oxygen dissociation 
curve; (e) increase in circulation rate; (F) increase in rate of oxygen intake 
by the tissues due to modification of the capillary bed, increase in muscle 
hemoglobin, etc. Of these various possibilities, (a) and (b) may be ac- 
cepted as facts, while evidence in regard to (e) and (F) is lacking, and in 
regard to (c) and (d) is conflicting. 

We have investigated the questions of oxygen secretion and of the 
position of the oxygen dissociation curve of blood in vivo. The oxygen 
dissociation curve at a given pH of blood withdrawn at 10,000 or at 
14,000 ft. is the same as at sea-level: it remains to be seen to what extent 


the pH of arterial blood changes at high altitudes. For a categorical 


answer, observations are required on arterial blood. 

The literature on these subjects has been reviewed recently by Bock 
and Dill [Bainbridge, 1931] and earlier by Haldane [1927 a, 1927 ö], 
by Y. Henderson [1925], and by Barcroft [1925]. So far as secretion 
of oxygen is concerned Haldane has stated his affirmative position in 
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the Silliman lectures [1927 al. Krogh [1915] has found no positive 
evidence in favour of secretion, and the experiment of Barcroft, 
Cooke, Hartridge and Parsons [1920] has led Haldane to the modi- 
fied hypothesis that secretion is not a constant phenomenon but only 
comes about with acclimatization. Douglas, Haldane, Henderson 
and Schneider [1913] found that the position of the oxygen dissociation 
curve of blood equilibrated with alveolar air was unchanged on Pike’s 
Peak, and by an indirect method found that the partial pressure of 
oxygen in arterial blood might be much higher than in alveolar air. On 
the other hand, Barcroft and his associates in the Cerro de Pasco 
expedition [1922] reached quite different conclusions. Arterial blood had 
an increased affinity for oxygen at that altitude, and the partial pressure 
of oxygen in arterial blood was not distinctly higher, but usually lower 
than in alveolar air. 

With the technique developed by van Slyke and his associates, it 
is now possible to study these controversial questions directly and with 
a much higher degree of accuracy than was possible a few years ago. 
Thus Bock, Dill, Edwards, Henderson and Talbott [1929] found 
that, when a subject at sea-level breathes a gas mixture with low oxygen 
content, the oxygen pressure head from lungs to blood remains positive, 
even when arterial saturation drops to 60 p.c. 

It remains to be seen what happens after acclimatization to a low 
partial pressure of oxygen. Arterial blood has been obtained on nine 
occasions: (a) on two subjects at Boston during maximum work in a 
steady state on the ergometer; (b) on three subjects in similar conditions 
at Leadville, and (c) on four resting subjects at Leadville. The details of 
the procedure have been described before [Bock, Dill, Edwards, 
Henderson and Talbott, 1929; Dill, Edwards and Talbott, 1930]. 
Table IV contains a summary of the results. Just as has been found be- 


Tant IV. Relation between arterial and alveolar pCO, and pO, in rest and work. 


Oxygen Oxygen Total 

Baro- — tion of 3 A ms 

meter blood Arterial Alveolar. A 1 tone 

(mm. (. blood (mEq. (mm. (mm. mm. mm. mm. mm. 

Subject min.) (pc) perl) Hg) Hg) Hg) Hg) Hg) 

Talbott 1759 269 912 1255 310 306 —04 850 £1170 +32-0 
Dill 744 258 14 15˙01 1 305 +14 80 1 +150 
Tal 881 1246 261 238 —23 645 15-7 +11-2 
Dil 526 200 82 1153 245 265 +20 600 7110 
Pappenheimer 525 180 822 1549 311 283 —28 53-0 70-0 +170 
T 18-27 29-7 30-7 +10 600 61:5 + 15 
Dir — — 20-32 35-6 —17 565 57-2 + 0 
P 525 O24 912 1844 309 310 +01 560 65-8 + 
rake — 525 O24 917 1948 333 312 —21 606 60 + 25 
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fore under other experimental conditions, the partial pressure of carbonic 
acid in arterial blood is practically the same as that in alveolar air. The 
fact that the differences are small in every case lends further support to 
the methods followed for obtaining gas samples which represent the mean 
composition of alveolar air. It is less surprising that such samples can 
be obtained in rest than it is in exercise when the ventilation and the rate 
of oxygen consumption are increased more than ten times, and when air 
in the lungs is undergoing rhythmic variations of great amplitude and 
frequency. 
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Fig. 3. Pressure head of oxygen from lungs to blood as a function of the 
oxygen saturation of arterial blood. 


Taking the observations on alveolar air as representative of its mean 
composition, it follows that, after an acclimatization period of from 10 
days to 3 weeks at 10,000 ft., the pressure head of oxygen from lungs to 
blood remains positive. The results have been plotted in Fig. 3 together 
with observations made at sea-level with special gas mixtures by Bock 


and others [Bock, Dill, Edwards, Henderson, Talbott, 1929]. It 


appears that the pressure head is slightly less at 10,000 ft. than when a 
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corresponding gas mixture is breathed at sea-level, but this may be due 
to increased breathing after acclimatization at the higher altitude and to 
more rapid diffusion of oxygen in the alveoli at a low barometric pressure. 
It may be that the result would be different at 14,000 ft. or higher, but, 
at the time these punctures were made, Talbott, Pappenheimer and 
Dill were able to climb to 14,000 ft. with no symptoms of mountain sick- 
ness and without obvious cyanosis. Fölling, with the highest oxygen 
saturation at rest at 10,000 ft., had some headache during his subsequent 
4-day stay at 14,000 ft. 


This evidence, obtained by direct examination of arterial blood, leaves | 


no doubt that representative samples of alveolar air can be obtained at 
high altitudes either in rest or work. Under the conditions of our experi- 


ments the carbonic acid dissociation curves of arterial and of venous 


blood are identical. It follows that the reaction of arterial blood can be 
calculated by the Henderson-Hasselbalch equation when one knows 
the carbon dioxide pressure in alveolar air and the position of the carbonic 
acid dissociation curves of venous blood. Concentration of free carbonic 
acid can be calculated from the former, and combined carbonic acid can 
be calculated from the same datum and the carbonic acid dissociation 
curve of true plasma of venous blood. | | 

The composition of alveolar air in rest is shown in Table V. Since the 


average carbon dioxide pressure for our party at Leadville is identical 
with the corresponding average for the residents, it appears that acclima- 
tization must have been nearly complete. Taking the value at sea-level 


Ratio Ratio 

at 

Boston Leadville 14,000 ft. Lead- 14,000 

co A — — A — — * — ville ft. to 

mm, mm, (mm, mm (mm, at at 

) Date Hg) ) ) 

Oct. 8 434 July 31 3812 624 July 14 234 0- 

2 Aug. 20 404 26 324 59:3 14 279 497 080 069 
| Oberg Oc 21 304 „ 20 309 687 „ 14 265 558 O78 067 
Dill Mar. 11 400 „ 16 320 620 — — — 00 — 
Talbott » 8 83 „ 17 301 632 — — — — 
Edwards Apr. 15 400 „ 295 619 — — — 0% — 
Bramlett Nov.18 42-0 „ 2 806 638 — — — — 
Bowen Oct 4 428 „ 30 350 59:3 — — — of — 
Average: visiting party 40-9 — 315 61-9 — — — 07 — 
Whiteman — — uu. 1 1 61 — — — — 
Johnson — — „ 2 31-4 61-7 — — — — 
Heiliger — — „ 3 818 64-4 — — — — 
Average: residents — — — 315 631 — — — — = 
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as 1, the values at 10,000 ft. ranged from 0-72 to 0-82 and at 14,000 ft. 
from 0-54 to 0-69. These changes correspond closely to those found by 
Fitzgerald [1913, 1914-15]. 3 

The values for alveolar carbon dioxide pressure have been used in 
conjunction with the carbon dioxide dissociation curves of blood and 
plasma (discussed in Part I) for calculating pH of arterial serum. Table VI 


Tam VI. Values for pH of arterial serum. 
H, 

Boston Leadville 14,000 ft. Leadville 14, 000 ft. 


7:37 7-44 7-60 +0-07 +0-13 

Felling 7.42 7-42 7-46 0-00 +0-04 

Oberg 7-39 7-42 7-46 +0-03 +0-07 
Dill 7-42 7:42 — 0-00 — 
Talbott 7-40 7-43 — +0-03 ae 
Edwards 7-40 7-43 — +0-03 — 
Bramlett 7-37 7-43 — +0-06 
Bowen 7-38 7-40 — +0-02 pasts 

Average: visiting party 7-394 7-424 7-48 +0-03 +0-08 
Whiteman — 7-43 — — ae 
Heiliger — 7-43 — — 3 
Average: residents — 7-423 — — . 


is thus derived and shows that, as a first approximation, the reaction of 
arterial serum is unchanged or nearly so at 10, 000 ft. and is slightly more 
alkaline at 14,000 ft. Actually the average changes are + 0-03 and 
+ 0-08 respectively. The value + 0-03 would not be significant were it 
not for the fact that all the changes are in the same direction. | 
What does this imply with regard to the oxygen dissociation curve? 
Since it has been shown that the reaction of plasma may be taken as a 
reliable index to the position of this curve, it follows that there is no 
change in the affinity of arterial blood for oxygen at 10,000 ft. While 
there is a slight alkalosis and, therefore, a slight increase in affinity at 
14,000 ft., even there the change is not great enough to shift the oxygen 
dissociation curve outside the normal limits l. The results may be taken, 
therefore, as fully confirming the experimental observations of the Pike’s 
Peak party [Douglas, Haldane, Henderson and Schneider, 1913] 
in so far as the position of the oxygen dissociation curve is concerned. 


When no, increases 0-03 and pH, increases 0-08, oxygen pressure at half saturation 
decreases 3 mm. 
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Part III. 
activiry?. 

Various adaptations during rest have been described above: this part 
refers to changes during exercise on a bicycle ergometer. 

The same sort of experiments were carried out as those of Bock, 
Van Caulaert, Dill, Félling and Hurxthal [1928]. It was our aim 
to study in detail the performance of each individual in all grades of work 
up to the maximum which could be maintained for 20 minutes. For 
conciseness the results will be presented, for the most part, graphically. 

The question of net efficiency has been studied in men and in dogs in 
high-altitude expeditions. The conflicting literature on this subject has 
been reviewed by Benedict and Cathcart [1913]. Our results showed 
on the average about 1 p. c. greater efficiency at Leadville. Nearly all our 
Leadville experiments were subsequent to sea-level experiments. Some 
increase in efficiency is expected with training, so that the efficiency with 
which bicycle riding is performed at 10,000 ft. is practically the same as 
at sea-level. 

The pulse rate in moderate work of a given level was about the same 
at the two altitudes. With increase in metabolic rate above 1-5 litres of 
oxygen per minute there was a linear increase in pulse rate until its 
limiting value was reached at a metabolic rate of about 2-6 litres per 
minute at sea-level. At Leadville the same limiting rate was reached at 
a metabolic rate of about 2-1 litres of oxygen per minute. There was not 
much evidence that the maximum rate was different at the two altitudes 
except in the case of O berg, who had a lower maximum rate at 10,000 ft. 
than at sea-level. 

The increase in blood-pressure with metabolic rate appeared to be 
nearly independent of altitude. The increase in pulse pressure was least 
in the case of Talbott and most in the case of Edwards, but for each 
individual the values for a given metabolic rate at sea-level and at Lead- 
ville were nearly identical. 

The data for total ventilation, corrected to standard temperature and 
pressure, are shown graphically in Fig. 4. It will be noted that the ventila- 
tion thus reduced to standard conditions is related to metabolic rate in 
exactly the same fashion at the two altitudes in the case of Dill. The 
variation in response in the other subjects is evidently a function of 


1 A preliminary account has been given by Dill, Talbott, Edwards and Fölling 
11930]. 
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acclimatization, for the points falling above the sea-level curves represent 
experiments carried on after the subjects had been in Leadville for 
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Fig, 4. Total ventilation in work at Boston and at Leadville. All results are reduced to 


standard conditions. In the case of H. T. E. the number of weeks spent at Leadville 
is indicated for each point. 


several weeks. In the case of Edwards, the number of weeks elapsed 

between his arrival and the experiment is indicated for each point. 
These differences in total ventilation naturally were associated with 

differences in alveolar ventilation and in alveolar carbon dioxide and 


* 
| 
| 
wal 
ity. 
— 
0 
7 
O 
O 
— 
— 
* 
1 
| 
fe) 
1 
* 
7 
11 
5 
J 
4 
4 
1 
2 
* 
2 


8. 


ent 
for 


ADAPTATION TO OXYGEN PRESSURE. 59 


oxygen pressures. Since the general tendency was to vary the rate of 
total ventilation in a reciprocal fashion with barometric pressure it 
follows that, after taking into account the constantal alveolar water- 
vapour pressure, the decrease in partial pressure of gases in the alveoli 
should be approximately proportional to the decrease in barometric 
pressure. This, in fact, was the case. Composite values for partial pres- 
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Fig. 5. Mean values on four subjects for composition of alveolar air as a function 
of metabolic rate. 


sures of oxygen and carbon dioxide in alveolar air are shown as a function 
of metabolic rate in Fig. 5. Approximately, the partial pressure of each 
gas at Leadville is seven-tenths the sea-level value. Actually the mean 
value for partial pressure of carbon dioxide in alveolar air in exercise at 
Leadville is 0-74 times the sea-level mean value. The corresponding ratio 
for alveolar oxygen is 0-65. In maximum work these ratios are 0-64 and 
0-72 respectively, the change being due to a greater increase in alveolar 
ventilation in maximum work at high altitudes than at sea-level. Such 
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a disproportionate increase was shown to take place in experiments on 
one individual by the Pike’s Peak expedition [Douglas, Haldane, 
Henderson and Schneider, 1913]. 

The supply of oxygen to the tissues is dependent upon a large number 
of factors, chief among which are (a) circulation rate, (6) oxygen capacity 
of the blood, and (c) oxygen saturation of arterial blood. Estimates were 
made of the circulation rate, but, so far as could be judged, there was no 
well-defined difference in the rate during exercise of a given intensity at 
the two altitudes. There were rather large differences in rate in different 
individuals. These were not related to differences in working capacity, 
but there did seem to be a reciprocal relation between circulation rate at 
a determined metabolic rate and oxygen capacity of the blood. The 
results suggest that the limiting value for cardiac output in exercise 
might better be expressed in terms of cell flow rather than blood flow, 
but more experiments must be carried out before this hypothesis can be 
accepted. 

The limiting concentration of lactic acid in blood is reached when 
oxygen transport is at a maximum. Each of three subjects pushed him- 
self to the limit at sea-level and at 10,000 ft. The high lactic acid con- 
centrations in the most exhausting experiments on Talbott, Dill and 
Edwards furnished objective evidence that each of these subjects 
reached the limit of his oxygen intake for this form of exercise. The actual 
lactic acid concentrations are shown in Fig. 6 as a function of metabolic 
rate. Talbott and Dill have a uniform response, Oberg! is somewhat 
irregular, and there are large irregularities, apparently associated with 
acclimatization, in the case of Edwards at Leadville. In his case the 
lactic acid concentration for a given metabolic rate decreased uniformly 
throughout the summer. While his alveolar ventilation was about two- 
thirds that of Dill and Talbott in sea-level experiments and in the early 
Leadville experiments, it increased with time and, by the end of the 
summer, had reached or slightly exceeded their level. His oxygen trans- 
port capacity increased simultaneously. | 

A comparison of oxygen transport capacities is made in Table VII. 


Tam VII. Oxygen transport capacity on the ergometer. 


Talbott 2-69 2-10 0-78 
Dill 2-57 2-09 0-81 
Edwards 2-53 2-34 0-92 


Oberg was handicapped by a knee which brought him to a stop at a lower lactic acid 
concentration than that reached by the other subjects. 
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Talbott and Dill are in the same class with a capacity for transporting 
oxygen at Leadville which was about four-fifths their sea-level capacity. 
Edwards showed about the same figure early in the summer, but, finally, 
his oxygen transport capacity increased to 92 p.c. of the sea-level value. 
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METABOLIC RATE IN LITRES OF OXYGEN USED PER MINUTE 
Fig. 6. Lactic acid concentration in work at Boston and at Leadville. 


These individual differences cannot be related to the concentration of 
hemoglobin in the blood, for Talbott had less at Leadville than at sea- 
level, while Dill and Edwards had slightly more. Our results on circu- 
lation rate are not sufficiently accurate to be useful in interpreting these 
relatively small differences. We are inclined to seek an interpretation in 
terms of oxygen saturation of arterial blood. This was actually deter- 
mined in the case of Talbott and Dill as indicated in Part II. The 
saturation in maximum work was approximately 91 p.c. at sea-level and 
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87 p. o. at Leadville. If one takes the percentage saturation of venous blood 


in work as 30 p.c., it follows that the utilization of oxygen drops from 
(91-30) to (87-30) a decrease of 7 p.c. Since the percentage of hamo- 
globin in the blood remained nearly constant, it appears quite probable 
that there was a decreased capacity for cardiac output due to the lowered 
oxygen saturation of arterial blood. The results on Edwards can be ex- 
plained similarly. His inferior pulmonary ventilation at sea-level prob- 
ably results in a lower oxygen saturation of his arterial blood than in the 
case of Talbott and Dill, and hence a lessened cardiac output capacity. 
On the other hand, his pulmonary ventilation at Leadville was the 
highest by the end of the summer, and as a result his arterial saturation, 
and hence his cardiac output, nearly reached sea-level values. 


| SuMMARY. 

The oxygen dissociation curve of human blood after complete ac- 
climatization at 10,000 ft. and after 4 days at 14,000 ft. has about the 
same position as at sea-level when hydrogen-ion concentration is con- 
stant. The carbonic acid dissociation curve of oxygenated blood is lowered 
one-tenth at 10,000 ft. and slightly more after 4 days at 14,000 ft. 
Chloride concentration in cells and in serum increases slightly, but its 
distribution between cells and serum is practically unchanged. The ratio, 
ICON increases about 3 p. c. at 10,000 ft. and somewhat more at 14,000 ft. 
The increase may be related to decrease in alkaline reserve, since a similar 
change is found when alkaline reserve is decreased in exercise. 

The pressure head of oxygen from lungs to blood remains positive 
even after acclimatization at 10,000 ft. No evidence of secretion of this 
gas was found. The carbon dioxide pressure in alveolar air decreases to 
three-fourths of its sea-level value at 10,000 ft. and to two-thirds at 
14,000 ft. The calculated reaction of arterial serum shows an average 
increase in pH value of 0-03 at 10,000 ft. and of 0-08 at 14,000 ft., but 
the change is too small to shift the oxygen dissociation curve of arterial 
blood outside its normal sea-level range. 

The oxygen transport capacity may be decreased by one-fifth in 
normal men at an altitude of 10,000 ft. It is suggested that this large 
effect is due to an indirect effect of a small change in oxygen saturation 
of arterial blood upon the limiting value for cardiac output. This explana- 
tion is consistent with the experiments of Furusawa, Hill, Long and 
Lupton [1924], showing that man can increase his oxygen transport 
capacity by two-fifths at sea-level by breathing 40 p.c. oxygen. 
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A part of this investigation was carried on during the summer of 1929 
at a hatchery of the U.S. Bureau of Fisheries near Leadville, Colorado. 
We are indebted to Mr Henry O’Malley, Commissioner of the Bureau, 
for having offered us accommodation. Our workroom, 40 x 50 ft. in 
dimensions, was equipped with running water, electric power and lights, 
and a pyrofax gas system. Mr Van Atta, Superintendent of the Lead- 
ville Hatchery, and his assistants, were most hospitable and helpful. 
Mr L. W. Thompson, Principal of the Leadville High School, wane 
rendered assistance. 
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THE RESPONSE OF A SINGLE END ORGAN. 


By BRYAN H. C. MATTHEWS (Beit Memorial Fellow), 
Fellow of King’s College, Cambridge. 


(From the Physiological Laboratory, Cambridge.) 


INTRODUCTION. 


THis paper describes a series of experiments that have been made to 
investigate the general properties of the sensory end organ which is 
stimulated by the stretching of a muscle, and is especially concerned 
with the phenomena of adaptation, i. e. the gradual fall in the frequency 
of the discharge under a constant stimulus. 

The muscle receptors were used by Adrian and Zotterman[1926a] 
in their original study of the response of the end organ, and by Bronk 
[1929] in the study of fatigue, but in the present work a much more 
detailed survey has been made possible by the use of a preparation which 
can be relied upon to contain one and only one end organ. This prepara- 
tion has given such constant results that the effect of a number of factors 
which influence the response has been analysed in a quantitative way, 
and with the aid of these data it has been possible to formulate a working 
hypothesis as to the nature of adaptation. 


Part I. 


METHOD OF INVESTIGATION AND GENERAL FEATURES 
OF THE RESPONSE. 


Adrian and Zotterman [1926 ] have shown that all the types of 
end organ which they examined reacted qualitatively in much the same 
way, giving a rhythmic discharge, so that a study of any one type will 
give results which probably have a general application. The end organs 
chosen for the present investigation were muscle proprioceptors, as their 
responses could be evoked repeatedly without difficulty, and their 
stimulus, stretching, could be easily measured, controlled and graded. 
The oscillograph described in a previous paper [Matthews, 1929 a] was 
used to record the action currents from the nerves, and with this instru- 
ment frequencies as high as 2000 per sec. can be detected and measured. 
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In the early experiments the muscle part of the double preparation 
described in a previous paper Matthews, 1929 ö] was used. This muscle 
contained a small number of end organs, and sometimes rhythmic dis- 
charges could be picked out from the records. But it soon became clear 
that little could be learnt without studying the response of a single end 


organ. 

Adrian and Zotterman investigated the response of a single end 
organ in the sterno-cutaneous muscle by cutting the muscle down until 
only one end organ was left, and Bronk [1929] has succeeded in re- 
cording action currents from a single end organ by the method devised 
by Adrian and Bronk [1929] to lead off the response of a single motor 


Fig. 1. Rhythmic response in nerve evoked by stretching preparation from the frog’s toe. 
Temperature 17° C. [90-11.] A. On loading with 5g. B. 2 sec. later. C. 5 sec. later. 
D. Similar response recorded at high speed to show extreme regularity of the dis- 
charge. Time marker 1/5 sec. in A, B and C. Line in D represents 0-01 sec. All 
figures read left to right. The numbers in brackets are the reference numbers of the 
experiment from which the figures are taken. | 
neurone, viz. transecting the nerve distal to the electrodes until only 
one active fibre remains. Either of these methods might have been 
used. However, the experiments on the skin-nerve-muscle preparation 
suggested that a suitable preparation might be found intact in one of 
the tiny muscles in the frog’s toe, and after some search a preparation 
was found which yielded responses showing a single rhythm (see Fig. 1). 
This preparation avoided the uncertainty of cutting nerve or muscle 
PH. LxxI. 5 
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66 B. H. C. MATTHEWS. 
and when set up on the electrodes would remain in good condition for 


some hours. 
The preparation. 

The preparation consists of the small muscle on the upper outer 
side of the middle toe of the frog (M. ext. br. prof. dig. III): the con- 
traction of this muscle causes extension of the toe with some flexion to 
the side. The nerve which supplies it is the peroneal, of which the lateral 
branch only is required for this preparation. The dissection presents no 
special difficulties, and some 500 preparations have been made. It was 
found that about two out of three preparations gave a single rhythmic 
response; of the others, sometimes more than one rhythm appeared, 
and sometimes no response was obtained. In the earlier experiments the 
tendon of the muscle was cut and a silk thread attached to it, but in the 
later experiments the whole muscle was freed from its neighbours and 
only the top end was left attached to the bone; as the nerve entered high 
up in the muscle this could be done without damage to it. 

The evidence that a regular rhythm from a muscle receptor is the 
response of a single end organ has been fully gone into by Adrian and 
Zotterman [1926 a]. Although there is no absolute proof of this, the 
regularity of the discharge and the fact that it can be evoked many 
times successively from the same muscle preparation, leave little doubt 
that it is produced by a physiological unit of some sort. 

There are obvious advantages in using such a single end organ pre- 
paration when investigating the discharge of impulses, rather than a 
preparation containing several end organs, for all the difficulties that 
arise in analysing a composite discharge are avoided and the smallest 
changes in rhythm can be followed with great accuracy. The preparation 
employed gives results which are exactly repeatable, for the records 
obtained from two similar loadings with an interval of rest between 
have the same rhythm at any instant after loading. 


Nature of the end organ responding to stretch. 

The muscles from the preparations were usually stained and examined 
under the microscope at the conclusion of an experiment. Various stains 
were used, methylene blue, gold chloride, gold chloride and osmic acid. 
It was usually possible to find one end organ of the type described by 
Cajal [1904] and classed as muscle spindles; once two were found, but 
never more. They have a much simpler structure in the frog than the 


mammal, and were never found to be supplied by more than one nerve 
fibre. 
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As it has been suggested [Denny Brown, 1928] that the mammalian 
muscle spindle is an organ responding to active contraction of the muscle 
but not to passive stretch, tests were made in two experiments to see if 
the end organ responding to stretch was indeed the muscle spindle. Fine 
threads of silk were placed round the muscle at intervals of 1-2 mm. and 
drawn tight successively, starting at the tendon end; the response to 
stretch was investigated with a pair of telephones connected to the 
amplifier. Tightening the first three or four threads had no effect on the 
response, but, as the next was drawn tight, a burst of impulses was set 
up and the preparation ceased to yield any response to stretch. The 
muscles were then stained with methylene blue and examined under the 
microscope. In one a muscle spindle was seen between the last thread 
which did not abolish the response and the one which did, and in the 
other a muscle spindle was found under the thread which abolished the 
response. No other end organs could be found in either muscle. There 
seems little doubt that the structure which responds to stretch and 
tension is the muscle spindle. In all the preparations examined it was 
found about the middle of the muscle. 


Method. 


The preparation was set up with the nerve passing into a moist 
chamber and over electrodes of thread dipping into U-tubes of Ringer’s 
fluid (see Fig. 2); from these leads were taken to the amplifier by silver 
wires coated with silver chloride, The muscle itself was supported through 
the bone by a pin which stuck into the floor of a small ebonite chamber, 
containing about 5c.c. of Ringer so that the muscle was completely 
immersed, and the thread from the tendon was led out through a slot. 
This thread was led over a pulley and arranged so that it could be loaded 
with weights or springs; for gradual loading these could be controlled 
by a dashpot or loading machine (see p. 96). In some experiments 
the preparation was enclosed in a double-walled brass box. The thread 


to the tendon was led out through a slot, and water could be circulated 
between the double walls, so that the preparation could be brought to 


any desired temperature. The temperature was measured by a small 
copper-constantan couple coated with celluloid, placed in the fluid close 
to the muscle, and connected to a mirror galvanometer; this enabled the 
temperature to be read to 0-05° C. The cold junction was immersed in 
water in a thermos flask. 

A slow-speed camera driving Ciné Bromide paper (Kodak) at 9 or 
18 cm. per sec. was used to record the oscillograph deflections, with a 
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clock time marker showing 1/5 second. In the later experiments (115 
onwards) a double camera was used, which had the advantage of being 
able to give simultaneous records at 4 metres and at 18 cm. per sec. 


To Amplifier 


To loading Machine 
Fig. 2. Diagram to show arrangement of preparation electrodes, 
eto. , in the moist chambers. 

In this camera part of the beam of light from the oscillograph falls 
on a moving mirror camera such as has been described in a previous paper 
[Matthews, 1929 ö], and part is diverted by prisms into a slow-speed 
moving paper camera. The two parts of the camera are driven by one 
motor through magnetic clutches and can be engaged independently. 

In the earlier experiments the apparatus was not effectively shielded 
from a 93 cycle a.c. power main which induced currents in the leads, 
etc., causing regular waves at 93 per sec. to appear in some of the records. 
Fortunately the action currents stand out clearly from this artefact, 


especially when they are recorded diphasically. Further shielding has 
now eliminated it. 
Results 


In the initial experiments a weight of 2 g. was used and the load was 
put on in about 1/5 sec. When the muscle is tetanized the maximum 
tension it develops is of the order of 10 g., so that a tension of 2 g. is 
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such as might be expected to occur during life. The discharge reaches a 


maximum rate of about 120 per sec. as the load reaches its full value, 


and declines in the way shown in Mg. 3. Examples of typical records 
are shown in Fig. 1. 


Time after loading in seconds 


Fig. 3. Graph to show the decline in frequency of the response after a load of 2 g. is hung 
on the thread from the tendon. Temperature 15° C. [81-3.] 


Regularity. 

The regularity of the discharge is very striking. „ 
interval is measured and plotted against the number of impulses set up, 
and a smooth curve drawn among the points, the mean fluctuations of 
the points on either side of the curve are never more than 3 p. 0. when 
the mean rate is 70 per sec. (see Fig. 4); the irregularity increases at 
lower frequencies and the series becomes quite irregular when the fre- 
quency has fallen below about 20 per sec. 

It will be seen from Fig. 3 that the frequency reaches a maximum 
rate at about the same time as the stimulus and then declines steadily, 
the fall becoming slower towards the right, and tending to reach a steady 
value. Often the frequency here becomes steady for 20-30 sec., and 
when the frequency falls further the discharge loses its regularity and 
becomes a random series of impulses, though occasionally there is a 
tendency for impulses to drop out of an otherwise regular series, as has 
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been noticed by Bronk [1929]. With small loads the slow random dis- 
charge goes on for some minutes, but with heavier loads the discharge 
stops entirely much earlier, and with very heavy loads the discharge is 
often completely over in a few seconds, but the latter seem to inflict 
permanent damage on the end organ and, after a few such loadings, there 
is no response. With heavy loads the irregularity sets in at a much higher 
frequency. A rate of about 20 per sec. seems to be the lowest at which 
these end organs can set up impulses in a regular series (at 15° C.). When 


| 


60 100 
Number of impulses set up 
measuring the interval between one impulse and its successor. Temperature 15°C. 
Sudden loading 10 g. [113-42.] 


rates of less than 20 per sec. occur the impulecs are irregularly spaced, 


but often groups of four or five impulses appear at a spacing corre- 


sponding to 20 per sec. when the mean rate has fallen to 12-14 impulses 
in the second. 


Constancy of results, 

The close agreement of successive discharges is very remarkable. If 
the muscle is loaded at 5-minute intervals, the discharges of impulses 
are so Closely alike that the number of impulses set up in any fixed period, 
e.g. 5 sec., rarely varies from the mean by 1 p.c. The 5-minute interval 
between the loadings is necessary, for, as Bronk [1929] has shown, if a 
muscle is loaded repeatedly at very short intervals, the discharge is much 
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reduced, which reduction he ascribed to fatigue. Loadings are, therefore, 
always carried out at an interval of 5 minutes or more, and after each 
the fluid in the muscle chamber is changed. Under these conditions 
records can always be repeated on any given preparation with discre- 
pancies of only 1 or 2 p.c. For the first hour after the preparation is set 
up the rhythms tend to rise slightly: this may be due to the removal 
of harmful substances set free in the dissection, or recovery from minor 
injuries. After this the rhythms remain steady for a period of 3-4 hours, 
and then begin to vary again. Occasionally the end organ ceases to set 


eJust set up 
o ln the same ringer after 1'40 
„ „ „ „ 27817 


* Ringer changed after 2’42” 


Seconds after loading 


Fig. 5. Graphs showing the effect on the end organ response of keeping the preparation 
in the same 5 c.c. of Ringer. Temperature 15° C. [138.] 


up impulses abruptly without any previous signs of failure, but whether 
this is due to cessation of conduction by the fibre concerned or to some 
sudden change in the end organ or its neighbourhood is uncertain. In 
these cases the muscle still responds to electrical stimulation of the nerve 
through the recording electrodes. 

It is found that if the preparation is not irrigated frequently but 
kept in the same 5; C. C. of Ringer the frequency of impulses set up by a 
given load rises slightly in the first hour, but falls steadily throughout 
the next, the preparation giving no response after about 24 hours. If the 
inexcitable preparation is then washed with fresh Ringer the response 
returns in a few minutes to its initial value. This is illustrated in 
Fig. 5. Bubbling air through the Ringer does not delay this onset of 
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inexcitability; so that it seems probable that the inexcitability is the 
result of some product of the tissues themselves. It is interesting to 
compare this loss of excitability in the end organ and recovery in fresh 
Ringer with the reversible inexcitability of musole studied by Dulière 
and Horton [1929]. Here, too, there is a rapid recovery in fresh 
Ringer, and the explanation suggested by them, namely, a raised 
potassium content in the interspace of the tissue, may account equally 
for the failure of the sensory end organ. 

The composition of the Ringer used throughout these experiments 
was as follows: NaCl 0-65 p.c., NaHCO, 0-015 p.c., KCl 0-02 p.c., CaCl, 

0-025 p.c. 


Seconds after loading 


| «Mfg. 6. Graphs showing the response evoked by various loads. 
Temperature 16-5 C. [135.] 


Relation of load to discharge. 

Adrian and Zotterman [1926 ö] have shown that, for all end organs 
80 far investigated, the frequency of impulses set up increases with the 
stimulus. With this single end organ preparation it has been possible to 
investigate this relationship with considerable accuracy. 

The discharges obtained with different loads are shown graphically 
in Fig. 6, and it will be seen that the curves are of the same general 
shape, but with the heaviest load the fall in frequency is more rapid. 
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If the frequency at any instant in the first 2 seconds after loading be 
plotted against the logarithm of the load, the points lie very nearly on 
a straight line; this is illustrated from two experiments in Fig. 7. It has 
long been held that, as a stimulus increases in geometric progression, the 
sensation increases in arithmetic progression (Fechner’s Law). These 
experiments suggest that this is due in part, at least, to properties of 
the end organs rather than to the central interpretation of the sensory 
message by the brain. For a group of end organs the relation of the 
stimulus to the total frequency will be somewhat modified, because the 
stronger stimuli will affect end organs which do not respond to weak 


load in grams 
Fig. 7. Graphs showing the relationship of the frequency 1 sec. after 
loading to the logarithm of the load. Temperature 15° C. 


stimuli. This can be seen in a muscle containing several end organs; 
only one end organ may respond to the small load, but as the load is 
increased the response of other organs appear severally. Such end organs 
would thus appear to have a definite threshold, and this is confirmed by 
the response of some single end organ preparations to small loads. 
A load of 4g. may produce a considerable response starting at 25-30 
per sec. and soon becoming irregular; but a load of } g. often produces 
no response at all, although controls show that the tension reaches the 
tendon. But this is only found to occur in preparations from which 
there is no resting discharge; when a resting discharge is present it is 
increased by the slightest stimulus. 
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Resting discharge. 

Adrian and Zotterman [1926 a] found that the end organs in si? 
muscles set up a slight discharge of impulses (3-5 per sec.) in the absence 
of any external tension. In the single end organs studied in this work 
the rate of discharge was much less, rarely above 2 per sec., and often 
completely absent. When present it was quite irregular. It was found 
to cease for 10-30 sec. after the preparation had been stimulated, thus 
confirming Adrian’s findings. In some preparations the end organ 
appears to be in a no-threshold state (evidenced by the response in 
absence of stimulation), and in others cited above to have a definite 
threshold. This might be due to the way in which the end organ is 
situated in the muscle, rather than to some property of the organ; in 
some cases it being under slight deformation when there is no tension 
on the tendon, in others the tension not reaching it until the muscle 
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Frequency of impulses per second 


Time from start of loading in seconds 
Fig. 8A, Response evoked by loading the muscle with 5 g. in- 0-2 
and 1-1 sec, Temperature 19°C. [98, 12, 13, 14.] 
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has been slightly deformed. There is little doubt that the resting dis- 
charge originates in the same nerve fibre as the response to tension, as 
it never appears superimposed on this, as might be expected were it in 
an independent fibre, and moreover its absence after stimulation makes 
it highly probable that it arises in the same physiological unit. 


Rate of loading. 7 
In Fig. 8 A are shown the responses recorded when a single end 
organ is loaded at various rates. As might be expected, with slower 
loading the frequency falls less rapidly than when the load has reached 
its full value in a very short time. The degree of adaptation at any 
moment after the start is therefore less with the slower loading. These 
results are replotted in Fig. 8 B. Here abscisse represent the number 
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Fig. 8B, Same results replotted against number of impulses 
get up, also for loading in 0-4 sec. 
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of impulses set up, and it is clear that the fall in frequency of the 


response is not conditioned only by the number of impulses which have 


been discharged; after e.g. 200 impulses have been set up the frequency 
after rapid loading is greater than that with slow loading. In the first 
case the load is at its full value throughout the discharge, but in the 
second it is smaller at the beginning. It appears, therefore, that in 
setting up a given number of impulses the larger load produces less 
change in state of the end organ, and less adaptation per impulse set up. 
More direct evidence on this point will be presented in Part III of this 
paper. 

It is clear from the curve of the rapid loading (Fig. 8 A) that, at the 
beginning of the discharge, the adaptation to the stimulus takes place 
very fast, so that considerable adaptation will already have taken place 
when the load reached its full value. Now, however great the stimulus, 
there must be some limit to the frequency of impulses which can be set 
up even before any adaptation has occurred, and in order to determine 
this absolute maximum frequency the loading would have to be instan- 
taneous and very excessive, so as to constitute an invariable and 
maximal stimulus. If this were done the end organ should discharge at 
its maximum rate, and this rate should — on its internal conditions 
rather than on the — 


Rapid loading. 

An attempt was made to load the muscle in this way by dropping 
a weight through about 1 cm. before letting the thread to the tendon 
take the load. A record of the results is shown in Pl. I, A. The 
decline in frequency during the first second after loading is shown 
graphically in Fig. 9. The initial frequency is about 240 per sec., and 
the fall is very rapid during the first 0-2 sec. and then slows up and 
becomes more and more gradual. 

In these experiments the loading still took a finite time, probably 
about 0-01 sec., and owing to the momentum of the falling load the 
initial tension must have been much more than the weight of the load. 
This raised a doubt as to whether the initial rapid fall in frequency was 
caused by internal factors of the end organ, or was merely due to the 
fall in the stimulus after the momentum had been absorbed. For these 


reasons a spring-loading device was made. It consisted of a light spiral 


spring, which could be set to any desired tension by moving the anchorage 
at one end, the other being attached to a light wire hook to which the 
thread from the tendon was tied. The hook was held by a trigger so 
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that the thread was just taut, and on releasing the trigger the spring 
tension was communicated to the thread almost instantaneously. The 
moving parts of this apparatus weighed about 0-2 g., and tests with a 
tension of 20 g. showed no detectable overloading. 


1 
02 O04 O68 O8 1:0 12 14 
Time after loading in seconds | 


Fig. 9. Graph of response during first second after sudden loading with a large 
load. 100g. Temperature 14 C. [82:2.] 


With this method of loading the time-frequency curves were much 
the same as those previously recorded. The maximum frequency often 
reached 260 per sec. (at 14° C.). We must, therefore, conclude that the 
rapid initial fall of frequency is due to the properties of the end organ, 
and not to a fall in the external stimulus. 


Close examination of records such as those of Pl. I, A, B and C, 
reveals that, with large loads, the frequency falls throughout the dis- 
charge and there is no sharp discontinuity, so that there is little doubt 
that the rapid initial discharge is produced by the same physiological 
unit as the later part of the discharge. But with small loads applied 
rapidly the frequency falls very abruptly after about 0-05 sec., and 
there is often even a slight pause in the discharge (see Pl. I, D, E). 
PG precautions were taken to avoid 
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initial overloading; the pulley was eliminated, and the thread made to 
slide over a smooth brass ring, a thread loop was substituted for the 
wire hook so that the moving parts of the system were reduced to a 
mass of 70 mg. In four preparations a brief response appeared during 
extension, and there was no response to continued tension (see Pl. I, 
F, G). The brief response in Pl. I, F, G is not unlike the initial 
part of the response in Pl. I, D, E, and suggests that the initial 
rapid response is connected with extension. Another possibility is 
that, owing to differences in viscosity, the initial elongation of the 
various elements in the muscle differs from the equilibrium attained 
later. Thus, if the terminal parts of the structure upon which the nerve 
endings are distributed were more viscous than the middle region, there 
would be an initial over extension of this region followed by a certain 
amount of contraction as the more viscous portions elongate. Or if the 
end organ were relatively more viscous than the surrounding muscle 
fibres, just after rapid loading, it would support more than its share of 
the load, and as it yielded the muscle fibres would take up more of the 
tension. 

When the stimulus is large, small variations in it do not appreciably 
affect the frequency of impulses set up (see paragraph on load-frequency 
relationship), and so any effect of viscosity in causing initial overloading — 
will be much less apparent, The fall in frequency must then depend on 
the internal state of the end organ, the stimulus being in effect very 
great throughout. It seems possible that the abrupt initial fall with 
small loads and the smooth fall with large loads may be accounted for 
in this way. In the former case the initial stimulus to the nerve ending 
is large, and would fall as viscous yielding occurred, leading to an abrupt 
fall in the frequency of response; in the latter the stimulus is very great 
all the time, and the smooth fall of frequency results from changes in 
the state of the end organ occurring progressively. 


Refractory period. 

Adrian [1921] gives the duration of the absolute and relative re- 
fractory periods for frog’s motor nerve as 0-0025 and 0-01 sec. respec- 
tively at 16° C., and it has been shown in a previous paper [Matthews, 
1929 6] that, in the frog, the fibres carrying motor impulses have similar 
characteristics to those carrying proprioceptor impulses, so that these 
values will apply to the fibre supplying the end organ. The highest fre- 
quency recorded at 16°C. is 290 per sec. In this case each impulse is 
set up 0-0035 sec. after its predecessor, so it is evident that, before much 
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5 adaptation has occurred, a second impulse is set up in the nerve fibre 
| very soon after the end of the absolute refractory period, and throughout 
the early part of the discharge with sudden loading the impulses will be 
travelling in incompletely recovered nerve. Gotch [1910] and Gasser 
and Erlanger [1925], working with electrical stimulation, have shown 
that impulses travelling in incompletely recovered nerve are conducted 
more slowly than in rested nerve, and that the absolute magnitude of 
the second action potential from the whole trunk is smaller than the 


= Fig. 10. High-speed records of the discharge produced by sudden application of a 20 g. 
5 spring load. A, B and C are records of the response to the same load. Temperature 
5 145° C. [136.] A was taken coincident with loading; the left-hand deflection being 
that of the first impulse of the series. B. 2 sec. later. C. 5 sec. later. The line in each 
represents 0-01 sec. | 


first. These effects should be detectable in the early part of discharge 
from the end organ, although conditions are not entirely comparable, 
for these effects were found for the second of two impulses set up by 
electrical stimulation, and here a series of more than two impulses is 
being considered and, as Briicke [1926], Forbes [1929] and others 
have shown, when a nerve trunk is stimulated repeatedly there are signs 
; of a progressive change in time relations. 

High-speed records of the response to sudden application of large 
loads were taken (see Fig. 10). With diphasic recording there is clear 
evidence that the early impulses of the series are conducted more slowly 
than the later impulses which are not following each other at so short 
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an interval, and all seem to be conducted more slowly than the first 
impulse which is travelling in fresh nerve. The rising potential gradient 
also appears to be less steep. 

Monophasic records have also been taken after the nerve was damaged 
at the distal electrode by application of a drop of boiling Ringer. This 


always led to a reduction in the absolute magnitude of the potentials 
necessitating the use of more amplification, which caused a rather 


unsteady base line. The reduction in the potential when the impulses 
are travelling in close succession is not great but, from a large number 
of measurements, amounts to as much as 15-20 p.c. when the interval 
between the responses is 40. There is also some slowing of the rising 

potential gradient, but it is difficult to assess its magnitude accurately. 
This result is in general agreement: with that obtained War by 
Adrian [1930] in mammalian sensory fibres. 

That the impulses are modified when travelling close behind each 
other shows that they are all carried by one and the same nerve fibre. 
And it is interesting that the diphasic records show that the impulse is 
conducted more slowly, and differs markedly from the first of the series, 
even when it occurs at an interval of 0-012 sec. after the previous one 
(see Fig. 10 A, C). This supports the view that recovery from each 
impulse of a long series may be rather different from that occurring 
when only two isolated impulses are considered, as in most of the 
published data on recovery. | 


Recovery curve of the nerve ending. 


Adrian and Zotterman [1926 a] have fully discussed the rhythmic | 


activity of nerve endings, and have pointed out that a regular discharge 
is to be expected from the general properties of excitable tissues, which 
after activity are at first completely inexcitable and then recover their 
excitability gradually. Thus, as the nerve ending recovers from the first 
impulse, at a certain stage in its recovery it becomes sufficiently excitable 
for the stimulus to re-excite it, and this leads to a rhythmic discharge 
of impulses. The greater the stimulus the earlier in its recovery will 
the nerve be excited, and so the frequency will increase with the stimulus. 
These authors have shown that adaptation might be the result of a fall 
of the excitability of the end organ leading to a decline in the effective- 
ness of the stimulus or to a slowing of the recovery or to both. By 
plotting the interval between responses against the load, they obtained 
a representation of the recovery curve of the end organ at a certain time 
after loading and, on the assumption that adaptation occurred at the 
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0 same rate throughout the discharge, they deduced the recovery curve 

: for the unadapted ending and found it very much slower than that of 
a nerve fibre. But they were not able to record the discharge during 
the first second after rapid loading owing to their base line being upset 
by a large deflection at the moment of loading, which they attributed 
; to a mechanical movement of the nerve on the electrodes. In the present 
. research this disturbance was eliminated by passing the nerve through 
| a slot into a chamber separate from that containing the muscle (see 
Fig. 2), and by having the electrode nearest to the muscle connected to 
earth. Under these conditions it has always been possible to see every 
impulse right from the start without any serious disturbance (see Pl. I). 
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method of muscular summation. 


¢ The experimental findings failed to confirm Adrian and Zotterman’s 
assumption, for, as has been shown in a previous section, just after 
loading adaptation occurs very rapidly and, before it has occurred to 
any extent, the interval between the impulses is only slightly longer 
than the absolute refractory period of the nerve fibre. 
In Fig. 11 are plotted the strength of stimulus and interval between 
response for a single end organ 1-0, 0-5 and 0-1 sec, after loading; one 
point is also given for the interval 0-05 sec. after loading. It has been 
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pointed out above that, with small loads, it is possible that viscous 
overloading occurs, so that the points for the small loads just after 
loading are uncertain, as the end organ may be sustaining a greater 
fraction of the load at the start. With the large loads, however, this 
has little effect on the response, and so the values are reliable and the 
recovery curve 0-05 sec. after loading must pass through the point 4. 
If the curve obtained 1 sec. after loading is reconstructed through this 
point, we shall probably obtain a tolerably accurate representation of 
the recovery curve of the end organ that has been loaded for 0-05 sec. 
The recovery curve of the motor fibres of the frog’s sciatic is shown on 
the same time scale. This suggests that the nerve fibre and ending have 
very similar characteristics, and that before adaptation occurs the re- 
covery of the two may even have identical time relations. 


Discussion. 


The most surprising of the above observations is that the end organ 
is able to respond at such a high rate initially. The rhythmic responses 
that have been recorded range from 260 down to about 20 per sec. 
lat 15°C.). If these rhythms are due to the return of excitability in 
one and the same structure in the way discussed above, we must con- 
clude that the return of full excitability takes at least thirteen times as 
long as the first return of excitability. In the nerve fibre it takes about 
I0 times as long; but there is another possibility that must be considered 
in this connection. It will be seen from Fig. 9 that, with rapid loading, 
the response starts at such a rate that the impulses are separated by 
little more than the refractory period of the nerve fibre, and that the 
frequency falls rapidly until the impulses are separated by about the 
interval necessary for complete recovery of the nerve fibre, and there- 
after falls slowly. These facts suggest that, with very intense stimuli 
applied suddenly, a continuous instead of a rhythmic state of excitation 
may be produced in the end organ, and that this sets up an impulse in 
the proximal part of the nerve fibre whenever the latter has recovered 
sufficiently and that, at a later stage, the response of the end organ 
becomes rhythmic and gives the lower frequencies which appear. 

If the higher initial rates are, in fact, produced by continuous instead 
of intermittent activity in the end organ, it is clear that this can have 
no absolute refractory period at all. The chief argument against this 
view is the absence of any discontinuity in the curve with large stimuli, 
but an injured region in a sensory nerve fibre can certainly act as a 
continuous stimulus to the neighbouring intact fibre [Adrian, 1930], 
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9 and the initial disorganization produced by the rapid extension of the 
end organ may cause it to behave temporarily as a region of oontinuous 
activity. This disorganization caused by rapid stretch might be com- 
parable to that which Gasser and Hill [1924] found to occur in muscle 
fibres if they were rapidly stretched while contracting. 
That some sort of continuous activity can occur in the end organs 
will be shown in Part II of this paper, where experiments are cited in 


Frequency of impulses per second 


B+ 


10 15 
Time after loading in seconds 
Fig. 12 A. Graphs of response at various temperatures to a load of 2 g. 


| which an end organ under abnormal conditions is found to set up groups 
. of impulses following each other at a high frequency, the groups occurring 
- at rates of 20-50 per sec. and strongly suggesting the presence of two 
| _ thythmic structures having different time relations, one presumably 
being the nerve fibre and the other some modified part of it in the end 
organ. 
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Part II. 


Factors AFFECTING THE RESPONSE TO STIMULATION. 


Temperature. 
When the temperature of the preparation was altered the response 
changed very markedly; records from a typical experiment are shown 
in Pl. II, fig. 1, and discharges are shown graphically in Fig. 12 A. 


18% 
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Fig. 12 B. The same replotted against number of impulses set up. [131.] 


A rise in temperature caused a large increase in the initial frequency of 
impulses set up for a given stimulus, but the response declines much 
more rapidly, and at the higher temperatures became more and more 
brief, but for the same stimulus the number of impulses set up since the 
start at any instant is much greater than at lower temperatures, and 
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the whole change in the response might be due to a more rapid recovery 
after each impulse, and not to any change in the process which con- 
stitutes adaptation, for if this was partly the result of the setting up of 
impulses the more rapidly they were set up the faster would adaptation 
occur. The results shown in Fig. 12 A are therefore replotted in Fig. 12 B 
with the number of impulses set up, as ordinates. The fall of frequency 
is still greatest at the higher temperatures, and so evidently adaptation 
is accelerated by the rise of temperature; but clearly by these methods 
it is impossible to dissociate the effect of temperature on the recovery 
after each impulse, and on the process of adaptation, and so no numerical 
measure of the effect of temperature on adaptation can be obtained. 


5 — + + 
2 4 6 
Time in ¢ 


Fig. 13, Graph showing the effect of temperature on the least interval between impulses 
recorded from the end organ and also on the absolute refractory period of a nerve 
trunk. 


Temperature and refractory period. 

Experiments were made to see if the maximum frequency of impulses 
which the ending set up varied with temperature in the same way as 
does the refractory period of a nerve fibre. The results of such an experi- 
ment are shown in Fig. 13, in which the temperature is plotted against 
the interval between the responses 0-05 sec., after sudden application 
of a large spring load. The left-hand curve shows the effect of tem- 
perature on the absolute refractory period of a frog’s sciatic nerve. The 
data are those of Amberson [1930] which he has shown are in general 
agreement with the results of other researches on this point. His method, 
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that of measuring the least separation between two stimuli that gives 
rise to a greater total action current than the first alone, will give the 
refractory period of the fibres which recover most rapidly, but Erlanger, 
Gasser and Bishop [1927] have shown that the fibres of a mixed nerve 
trunk differ little in their absolute refractory periods, so that for the 
fibres with which we are concerned here the temperature-refractory 
period curve will be approximately that shown. 

From these considerations it is evident that, throughout this range 
of temperature, tension on the muscle can re-excite the nerve fibre soon 
after its absolute refractory period is over. It was suggested in Part I 
that the initial rapid part of the discharge might result from the end 
organ being in a continuous state of excitation, and the rhythm then 
depending on the recovery of the nerve fibre. The similarity of the effect 
of temperature on the refractory period of the nerve and the least 
interval between the responses to tension certainly fits in with this 
view; if continuous excitation can take place, the highest frequencies 
will always be determined by the fibre rather than the end organ. On 
the other hand, if continuous excitation does not occur, we must con- 
clude that the absolute refractory period of the end organ is of the same 
order as that of the nerve fibre, and is affected by temperature in much 
the same way. Owing to the probable change in adaptation rate with 
the temperature it is impossible to say whether the temperature coefii- 
cient of recovery remains the same for low as for nigh frequencies of 
discharge. 

The effects of ions. 

It was found that the nerve ending was very sensitive to 1 in 
the ions present in the Ringer in which it was immersed. Experiments 
were made to investigate the effects of the common ions separately, 
and together. 


The following solutions were used: 
d) Ringer 
KCl 002 coc, 0-025 
(2) Na ion NaCl 0-75 555 io 
(3) Na and K ions NaCl 0-75 KCl 0-037 
(4) Ne and C ions NaCl 0-75 CaCl, 0026 


There is no great difference in the anion content of these solutions, so 
that differences in their effects must be attributed to the metallic ions. 
It was found that slight variations occurred, using solutions more or less 
concentrated, but these were quite insignificant in comparison with the 
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differences that occurred when any of the cations was present or absent. 
The effect of changes in the latter are very striking, and begin to appear 2 or 
3 minutes after the change has been made in the fluid bathing the muscle. 

In all the experiments records were first taken from the preparation 
in Ringer, then the irrigating fluid was changed and records were taken 


200- 


15 20 

Time after loading in seconds . 

Fig. 14. Graphs showing the response of an end organ when the muscle is loaded with 
5 g. in fluids of various ionic compositions. Temperature 17° C. [92.] 


every 5 minutes to follow any change that occurred in the response. 
After each record the preparation was irrigated with the solution which 
was being examined. At the conclusion the preparation was again irri- 
gated with Ringer, and records were taken for a further half-hour to see 
if the response would return to its original value or whether irreversible 
changes had taken place. 
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The results of a typical experiment are shown graphically in Fig. 14. 
The results of experiments on nine preparations were in complete agree- 


ment with each other and may be summarized as follows: 

1. When Ringer is replaced by a solution containing = sodium 
chloride and potassium chloride. 

(a) The discharge soon becomes small. 

(6) A considerable resting discharge appear (8-16 per sec.). 

(e) The discharge becomes irregular at a higher frequency than usual. 

(d) The depression rapidly proceeds to extinction of the discharge, 
after about 40 minutes the preparation becomes inexcitable and unless 
transterred to Ringer at once fails to recover at all; in any case recovery 
is never complete. 

2. When Ringer is replaced by a solution containing only sodium 
chloride and calcium chloride. 

(a) The discharge is slowly depressed. 

(6) A considerable resting discharge is present (4-12 per sec.). 

(c) The discharge is very regular even at low frequencies (10 per sec.). 

(d) Complete inexcitability is not reached in 2 hours, and prepara- 
tion has never failed to recover in Ringer. 

3. When Ringer is replaced with a solution containing dium 
chloride only. 

(a) The discharge increases . and reaches a * state in 
about 14 hours. 

(6) A resting discharge of 2-6 per sec. appears. 

(c) After loading the discharge falls in about 10 sec. to a W 
very rapid discharge which continues for some minutes. It only falls 
very slowly and becomes irregular when the frequency has fallen to about 
85 per sec. This irregular discharge continues at a rate of about 60 per sec. 
for 10-30 minutes, the frequency falling very slightly. 

(d) The preparation returns to normal in a few minutes when re- 
placed in Ringer. 

It will be seen that potassium and calcium are apparently antagon- 
istic, for if either is absent from the Ringer the discharge is much de- 
pressed, but if both are absent the discharge is enormously increased. 
Thus, if we start with the end organ in sodium alone and add either 
sodium or potassium the response is rapidly suppressed, but if both are 
added the resulting depression is very much less and the preparation 
soon comes to a steady state. We must, therefore, conclude that potassium 
and calcium each partially neutralize the depression caused by the other. 
This is further supported by the observation that the resting discharge 
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which is small in sodium alone becomes large if either potassium or 
calcium are added, but disappears if both are added. 

Calcium unopposed by potassium merely has a depressing action, 
but potassium unopposed by calcium has a further toxic effect; for if 
the preparation is left without calcium for some time, it fails to recover 
when calcium is replaced, but after potassium has been absent for some 
time recovery occurs when it is replaced. So that it seems that the action 
of calcium is depressant only, while potassium has in addition a toxic 
action. The increased resting discharge in NaCl + CaCl or NaCl + KCl 
suggests that the excitability is above normal, and if this is so the de- 
pression of the response to loading by calcium or potassium, when added 
to sodium chloride, cannot be attributed to lowered excitability, but must 
rather be due to alterations in the adaptation and rhythmicity. 

It will be seen in Fig. 14 that when only sodium is present the dis- 
charge maintains a very high rate. This cannot be due to increased 
excitability alone, for however great the stimulus given to an end organ 
in Ringer, a discharge of this type does not occur. It is possible to 
produce a high initial frequency with large loads, but the frequency falls 
in a few seconds to far less than that which is maintained for minutes 
by the same end organ in sodium alone. There must, therefore, be in 
addition a large change in the course of adaptation. Further informa- 
tion on this can be obtained from the records of the response of the same 
end organ to various loads in Ringer and in sodium alone (see Fig. 15 
A, B). It will be seen that the earlier parts of the discharges evoked: by 
a load of 1 g. do not differ materially, but that the frequency is main- 
tained at a higher level in sodium alone. There does not here appear to 
be much alteration in excitability. But with heavier loads applied slowly 
the whole response is of higher frequency when the end organ is in 
sodium alone, but if the load is applied rapidly the differences in the 
early part of the discharge are not very great. It seems that in sodium 
alone the course of adaptation is delayed, and this delay is most marked 
when the end organ is being “worked hard.” In Part III more direct 
evidence will be brought forward that the increased response in sodium 
is due partly, if not entirely, to an increase in the rate of a process which 
antagonizes adaptation. | 

In a preceding section it has been noted that a strong stimulus is 
able to re-excite the nerve fibre soon after its absolute refractory period 
is over. The great increase in the discharge in sodium suggested that 
the maximum rate of discharge might also be greater, and experiments 
were made to investigate this point. It was found that the maximum 
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frequencies produced by sudden loading with large spring loads were 
only slightly greater in sodium alone than in Ringer throughout the 
range of temperature investigated. That the greatest initial frequency 


wy 


5 10 15 
Seoonds after loading 


Fig. 15. Response of an end organ to various loads. Temperature 16.7 C. [101.] 
A. In sodium chloride alone. B. In Ringer. 
is little higher in sodium makes it very probable that the limit is set by 
a a structure, the absolute refractory period of which is little affected by 
the absence of potassium and sodium. 


Grouped impulses. 
It is found that if the end organ preparation is kept at about 25° C. 
in sodium chloride 
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type develops, and once it has developed remains until the temperature 
is lowered below 18°C. This is illustrated in Pl. II, fig. 2. When the 
preparation is loaded the discharge starts rhythmically in the normal 
manner, but when the frequency has fallen to 50 per sec. the impulses 
begin to occur in pairs instead of singly, and as the rhythm slows further 
the impulses appear in groups of three, four and five, separated from 
one another by time intervals of 2-50. This discharge continues for about 
a minute, the rhythm becomes slower, and the groups a little longer. 
The regular evolution of this type of discharge and the high rate at 
which the groups appear rule out the possibility of their being due to 
twitching of the muscle fibres. This muscle only gave occasional twitches 
in NaCl. 

These grouped discharges show a remarkable resemblance to those 
Adrian [1930] has found to occur in mammalian sensory nerves, and 
suggest that the two have a common origin in fundamental properties 
of end organs and nerve fibres. 

This type of discharge has only been met with under somewhat 
abnormal conditions, and probably never octurs in the living frog; but 
nevertheless it is extremely interesting in the light it throws on the end 
organ. The rhythm of the groups’ response is quite normal, and is pre- 
sumably determined by the recovery of the end organ. To what then 
are the groups due? The short interval between the impulses in the 
groups suggests that this rapid rate is connected with the return of 
excitability in the nerve fibre. It is suggested that, under the conditions 
existing here, the end organ is rhythmically producing a state of excita- 
tion, but that this state of excitation lasts abnormally long so that the 
nerve responds again to the state of excitation as soon as it has recovered 
sufficient excitability. At the beginning of the discharge only one impulse 
is set up at each excitation, so we must conclude that, as adaptation 
takes place, the duration of the excitatory state increases as the discharge 
of the end organ becomes slower. It has been suggested in Part I of this 
paper that the rapid rate of the first part of the response to rapid loading 
may be due to the rhythmic properties of the nerve fibre rather than 
the nerve ending, and these dual discharges increase the probability of 
this being the true explanation. Spontaneous rhythmic discharges of 
groups of impulses have also been observed at temperatures of 22° C. 
and over in Ringer, but it has not been possible to obtain them with 
certainty; for the present their discussion has been omitted. 
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Effects of an electric current. 

ete the end organ is very sensitive to the ionic 3 of the 
fluid round it, it seemed worth while to see how it would be affected by 
the passage of an electric current through it. We know so little of the 
site of the structures where the rhythm of the end organ originates that 
it is impossible to orientate a flow of current with respect to their 
arrangement, but it is possible to send a current through the muscle 
and see whether the response is affected by it and depends on its direc- 
tion. The non-polarizable electrodes A, B (Fig. 2) were connected through 
a reversing switch in series with a battery, rheostat and milliameter, 


0 5 10 15 20 
Time after loading in seconds 
Fig. 16 A, B, C. Effect of current flow through the muscle on the response of the end 


organ to a load of 5g. Current 7 m.a. Temperature 15-4 C. [140.] A. The current 
was turned on 5 sec. before loading. 


so that currents could be sent through the tissue in either direction. The 
currents used were only a few milliamps and, as the cross-section of the 
chamber was some ten times that of the muscle, the currents in the muscle 
itself were very small, and were not sufficient to make the muscle twitch 
when they were started or stopped. There was some current escape into 
the recording electrodes but only at the moment of make or break, and 
this did not seriously interfere with the record of the sensory impulses. 

The effect of a current flowing up or down the muscle is shown in 
Fig. 16 A; the current was switched on 5 sec. before loading and left on 
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throughout the discharge. The flow is said to be up when the tendon 
end of the muscle is connected to the positive pole of the battery, and 
down when it is connected to the negative pole. The first part of the 
discharge is affected very little by a flow of current, but afterwards, 

100 | 


Current 
5 10 15 
Time after loading in seconds 


Fig, 10 B. Muselo pointe 
indicated. Temperature 16-5° O. [139.] 


when the current is flowing up, the frequency falls more rapidly than 
when it is flowing down. This occurred in all of five preparations on 
which it was tried. With the current flowing down the muscle the 
response continued regularly for 3 minutes, but with the current reversed 
the discharge fell much more rapidly and became irregular after 30 sec., 
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and ceased entirely about 1 minute after loading. With the current 
flowing up adaptation is more rapid than with no current, when flowing 
down it is less rapid. 

The effects of current flow through the muscle are more striking if 
the current is turned on after the muscle has been loaded. The results 
of experiments in which this was done are shown in Fig. 16 B, C. Again, 
it will be seen that an upward flowing current reduced the response 
whilst it is increased when the current flows down. 


Hydrogen- ion concentration. 

ts made to discover if the end organ response was in- 
fluenced by the pH of the Ringer bathing it. Buffered solutions were 
made up in the way described by Mines [1913], using borate and acetate 
mixtures, and their approximate pH determined with indicators. The 
discharges from the end organ were recorded when it was irrigated with 
Ringer of pH 8-7, 7-3 and 6-0, but it was found that any of the solutions 
produced a gradual reduction of the response, which seemed to occur 
at about the same rate with all these H-ion concentrations. This de- 
pressing action of the buffer solutions made it impossible to determine 
the effect of the pH with certainty. There did not seem to be any great 
difference in the action of the solutions of different pH, but clearly 
further experiments are required to determine this, using buffers that 
do not themselves influence the response. These have not yet been 


undertaken. 
Hydrocyanic acid. 


The effect of irrigating the single end organ preparation with 0-05 p.c. 
hydrocyanic acid wasto cause a slight increase in the discharge, which was 
rapidly followed by depression of the response and complete extinction in 
about 30 minutes. The results of a typical experiment are shown in Fig. 17. 
It will be seen that the discharge becomes more and more brief. The 
response never returned even if the preparation was irrigated with 
Ringer alone before the response had completely disappeared, but under 
these circumstances it continued to respond to loading with a very brief 
discharge of moderate frequency for an hour or more. It is interesting 
to compare these results with those of Bronk [1929], who found that if 
a muscle was placed in nitrogen the response from its receptors to tension 
was depressed in much the same way; the discharge became more and 
more brief, but complete recovery took place when the oxygen was re- 
admitted to the muscle. The general action of hydrocyanic acid on living 
cells is to destroy some link in the oxygen utilizing mechanism, and so 
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mes results confirm those of Bronk in showing that the continued 
action of the end organ is dependent on some oxidative process. 


| 4 8 
. Time after loading in seconds 
1 Effect on response to 2 g. of irrigating muscle with Ringer containing 0-05 p. o. 
hydrocyanio acid. Temperature 19°C. [98.] 


Part III. 


1 THE MECHANISM OF ADAPTATION, 


The records obtained by Adrian and Zotterman [1926 ö] on the 
cat’s pressure receptors and by Bronk [1929] on the tension receptors 
of the frog’s muscle seem to indicate that the adapted state passes off 
very rapidly when the stimulus is withdrawn, for after a rest of 1 sec. 
a renewal of the stimulus gives nearly the same maximum frequency as 
in the fresh preparation, and the frequency after 5 sec. stimulation is 
also not greatly reduced. But an analysis of the response of the single 
ending to repeated loading shows that there is a considerable after effect 
which appears after a few seconds of loading and disappears in a few 
seconds after unloading, and is therefore quite distinct from the fatigue 
process studied by Bronk, which took a minute or more to appear and 
many minutes to disappear completely. This transient depression of the 
response after loading is thus an adaptation remainder rather than a 
true fatigue. The evidence of this adaptation remainder is that, when 
the preparation is reloaded after a few seconds’ rest, the initial high 
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frequency falls off much more rapidly, reaching the low value (which 
Bronk speaks of as the plateau) in a shorter time (see Fig. 18). So 
although the capacity to respond initially at a high rate returns very 

rapidly on cessation of the stimulus, the capacity to maintain the dis- 
charge at a high rate does not return so rapidly. The total number of 
impulses set up by a given period of stimulation will be smaller than 
in the fresh preparation, and in this sense the adaptation passes off 
relatively slowly. 


So clearly in investigating the state of the end organ, we must con- 


sider not only the frequency of impulses set up at the beginning but also 


the maintenance of this frequency. If we judge the state of the end 


Frequency of impulses per second 


10 


Time in seconds from first loading 


after 3-3 seo. of loading and 0-7 seo. of rest B. Temperature 16°C, Load 2 g. [104.] 


organ by the number of impulses it sets up in a given time of fairly 
long duration, we obtain a measure of adaptation which takes into 
account not only frequency at any instant, but also its maintenance 
and the “adaptation remainder” referred to above. It has been possible 


in this way to map out the course of the 2 22 of the 0 
state, and of the recovery from it. 


Disappearance of adaptation, 
The preparation was loaded with a small weight (2-5 g.), and after 
5 sec. the weight was raised and then lowered again after varying 
= These were determined to 0-02 sec. by an automatic loading 
machine 


aluminium lever to which the loading weight was also attached. As long as the other end 
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released the thread supported the load, This end of the lever was depressed by a cam, 
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of the lever was depressed the weight was supported by the lever, but when this was 


and when the latter was rotated half a turn the lever was free to rise, and the other end 
fell until the thread from the tendon supported the load. Thus rotation of the cam caused 
loading and unloading to occur alternately every half revolution. The cam was driven 
from a gramophone motor through a magnetic clutch, and the current to the latter was 
controlled by a timing plate, consisting of a large metal disc rotated by the gramophone 
motor every 5 sec. In the rim were sixty equidistant holes in which pins could be inserted 
to make contact with a brush which closed the circuit of the magnetic clutch for just long 
enough for the cam to make one half revolution. Thus if the cam was placed to depress 
the lever and lift the load, and three pins were inserted in the timing disc, the first caused 
the cam to make half a revolution, thus loading the muscle, the second caused unloading, 
and the third reloading. By varying the positions of the pins these operations could be 
carried out at any predetermined instants. 


load 


test 


or 


Number of impulses (in 5 sec.) in response to 


2004 
ig 10 20 30 


Time in seconds from start of first loading to start of test load 


Fig. 19. Number of impulses set up in 5 sec. when a test load is applied after various 
periods of loading and rest. Temperature 15-2. Load 5 g. throughout. [141.] 
The falling curve shows the fall in response to the test load when it is applied 
immediately on unloading after various durations of initial load. | 
The rising curves show how this response rises again when the muscle is unloaded 
for varying rest intervals after 2-9, 5, and 10 seconds’ loading. 


The number of impulses set up in the first 5 sec. after reloading was 
counted in the photographic record of the discharge, and compared with 
the number set up when the same load is applied to the resting end 
organ. By this method the comparison is between the effect of extension 
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and 5 sec. tension on resting end organ and adapted end organ, differences 
in the responses can only be due to differences in the state of the end 
organ when the second (test) loading was carried out. By measuring 
the response to a test load it is possible to obtain a quantity which 
represents the end organ’s capacity to set up and maintain a discharge 
of impulses in response to a fixed load, and it is assumed that the smaller 
the response to the test load the greater the adaptation of the end organ, 
and that the response to the test load and the adaptation are related 
quantitatively. | 

In Fig. 19 the falling curve shows the number of impulses set up by 
the end organ in response to the test load when it is applied later and 
later after the first loading (the first load is raised just before the test 
load is applied). The capacity of the end organ to respond becomes 
_ progressively less as the first loading is prolonged, but the fall is most 
rapid at first and becomes slower as the fall progresses. 

If now the end organ is given longer periods of rest before the test 
load is applied, the return of the end organ to the resting state can be 
mapped out in the same way. An illustrative protocol of a typical experi- 
ment is given in Table I: the results are those shown graphically in 


Taste I. Exp. 141. Temp. 16-5° C. Load 5 g. throughout. 
No. of 


Number Time 
1 3.11 10-0 10-8 457 302 
2 3.16 2-9 3.7 si 380 
4 3.26 5-0 5-8 448 352 
5 3.31 10.0 15-0 453 370 
7 3.40 2-9 7-9 ne 413 
9 3.55 10-0 453 396 
10 4.3 2-9 12.9 ab 420 
12 4.13 1 455 414 
13 4.19 10-0 10-2 452 242 
14 4.24 2-9 31 a 346 
15 4,32 5-0 5- 454 307 
16 4.37 10-0 12.1 451 325 
17 4.43 2-9 5-9 — 396 
18 4,54 5-0 7-9 448 380 
10 5.0 10-0 447 422 
20 5.6 2-9 22-9 us 430 
21 5.12 5-0 25-0 448 428 
22 5.20 10-0 11-65 446 330 
5.25 2-9 45 408 
24 5.32 5-0 6-65 445 365 
25 5.30 0-9 1-1 sis 429 
26 5.46 20-0 20-2 447 184 
28 5.56 5-0 5-2 446 311 
29 6.2 1-75 1.58 — 400 
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Fig. 19, the falling curve shows the fall in the response to the test load; 
the rising curves show how the response returns towards normal when 
the preparation is left unloaded after three durations of first load 
(complete recovery after 5 sec. loading takes about 1 minute). The 
general reliability of the determinations shown in Fig. 19 is well 
illustrated by the points A and B, which are readings of the same 
point taken near the beginning and end of the experiment. Between 
them some 14 hours and fourteen loadings intervened. 

Thus activity on the part of the end organ leads to a state of de- 
pressed rhythmicity, which gradually passes off during rest. The organ 
is, however, still able to set up impulses at nearly as high a rate as the 
resting organ if the stimulus is increased or renewed. 

It was mentioned in a previous section that when a muscle was 
loaded, unloaded, and immediately reloaded, the frequency rose to almost 


its initial value. In some preparations the rise on reloading was much 


less marked than in others, and in these when reloading was carried out 
immediately after unloading the frequency did not rise at all except for 
one or two irregular impulses at the start. If reloading was carried out 
very rapidly there was a much more definite rise. The results of a typical 
experiment in which little rise occurred on immediate reloading are 
shown graphically in Fig. 20. The left-hand curve represents the response 
to the initial loading, the other curves represent the discharges produced 
by reloading later and later after unloading. The first is a smooth curve, 
but the later curves are obviously not smooth. A large number of points 
were taken from the records to construct these curves, so that the irregu- 
larities of the records might be fully represented. It is clear that the 
irregularities in the curves are due to physiological variations and are 
far outside the experimental error, moreover the trough in the curve 
shows a certain regularity in the different records if the curves are placed 
below each other with the instants of reloading superimposed as in 
Fig. 20 B. The trough in the curve shows that about 1 sec. after re- 
loading there is a pause in the adaptation of the end organ; its possible 
significance will be discussed later. This phenomenon was found in many 
(sixteen) preparations, though seldom as clearly marked as in the experi- 
ment cited. The slight inflexion in Fig. 18, curve B, is typical of a 
number of experiments. is 

In the experiment illustrated in Fig. 20 there was very little rise in 
frequency just after reloading if this was effected soon after unloading; 
this was not always the case. The discharges shown in Fig. 18 are typical 
of a larger number of experiments. In most preparations the capacity 
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to respond initially at a high rate returned on unloading much more 
rapidly than the capacity to maintain the discharge at a high rate. 

In Part II it was pointed out what an enormous change occurs in the 
discharge of an end organ when it is irrigated with sodium chloride alone. 
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Time after start of first loading 


Fig. 20. Response of end organ to test load when applied later and later after the end of 
5 sec. loading. Inset: same curves with the moment of loading superimposed. Load 
5g. Temperature 15°C. [135.] 


The recovery of an end organ from the adapted state in Ringer and 
sodium chloride has been mapped out on several preparations, and it is 
found that the end organ returns to the resting state very much more 
rapidly in sodium chloride. The results of a typical experiment are shown 
in Fig. 21: ordinates represent the number of impulses set up in response 
to the test load in the 5 sec. following reloading. It will be seen that in 
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sodium chloride the end organ has returned nearly to the resting con- 
dition after 4 sec., whereas in Ringer about 10 sec. is necessary for a 
comparable recovery. 

The great increase of the response in sodium chloride, and the cessa- 
tion of the fall of frequency after about 10 sec., is therefore due in part 
if not wholly to an acceleration of the process which causes the organ 


loads in Ringer and sodium chloride is illustrated in Fig. 15. It will 
be seen that the response to the small loads is not very different in 


Resting response to test load 
+250 
In 
Ringer 12 
1 
4 
0 5 10 15 


Interval in seconds between end of first load and test loading 


Fig. 21. Disappearance of adaptation in Ringer and sodiam chloride solutions. 
Load 2 g. Temperature 16°C, [III.] 


the two fluids, but that with the heavier loads the discharge is main- 
tained at a much higher level in sodium chloride. Thus the recovery 
from the adapted state is nearly as fast in Ringer when the adaptation 
and recovery are small, but when they are large (with the heavier loads) 
the recovery from adaptation is less rapid in Ringer than in sodium 
chloride. 
Rate of recovery. 
It has been shown above that, as adaptation progresses, the rate of 
recovery from the adapted state increases (see Fig. 19). Experiments 
were made to determine the course of the change in the recovery rate. 
This can be done by finding the difference between the responses to 
reloading immediately after unloading and also after a rest of 1 sec. 
The difference gives a measure of the recovery that has occurred in the 
1 sec. rest, and by placing the unloading and reloading later and later 
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after the initial loading, a series of values can be obtained representing 
the recovery rate when more and more adaptation has occurred. The 
results from such an experiment are shown in Fig. 22. It will be seen 
that after about 10 sec. loading the recovery in Ringer tends to reach 
a steady maximum rate. It has already been shown that, after irrigation 
with sodium chloride alone, recovery takes place more rapidly. It was 
found that after the preparation had been irrigated with sodium chloride 
for 14 hours the initial recovery rate throughout the discharge was much 


A 


2 4 6 8 10:19 
Time after first loading (seconds) 
Fig. 22. Rate of recovery in Ringer and sodium chloride. Abscisse difference between 
the number of impulses set up in 5 sec. if preparation is reloaded immediately or after 
1 sec. of rest. Ordinates time after start of the first load when the test is made. 
Load 4g. Temperature 16°C. [112, 113.] 


increased (see Fig. 22), and this supports the view expressed above that 
the increased discharge in sodium chloride is largely a result of an 
increased recovery rate preventing the nerve ending from becoming as 
much adapted as it does in Ringer. 


Adaptation and load. 
By these methods it is possible to map out the course of adaptation 
when varying loads are applied to the muscle. A weight is applied to the 
thread from the tendon, and after an interval is lifted and immediately 


we 
2 
¥ 
8 
4 
% — 
40 
$ 
bed 
* 
4 20 
q 8 
1 
4 
“a 
* 
. 
a 
AN, 
Z 
185 
# 
a 
— 
* 


SINGLE END ORGAN RESPONSE. 103 


IN 


O 


Jom. 


Iigms. 


Number of impulses set up in response to test 
load in 5 sec. 


150 | 1 1 
0 10 20 
Time in seconds between first loading and test loading 


Number of impulses in response to test load in 5 sec. 
— 
a 
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200 400 600 800 

Number of impulses set up 

Fig. 23. Adaptation to various loads measured by the response to a test load of 11 g. 
A. Response to test load plotted against duration of first loading. B. Ditto against 
number of impulses set up during first loading. Temperature 16-5° C. [135.] 
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replaced by the test load; the resulting response will depend on the state 
of the end organ at the instant of reloading. In this way a measure of 
the adaptation is obtained; by altering the first load, and the time when 
it is replaced by the test load, the course of adaptation to various loads 
is determined. The results of such determinations are shown in Fig. 23 A. 
As might be expected, adaptation occurs much more rapidly with large 
loads; the larger load sets up a much greater number of impulses in a 
given instant of time. For this reason the figures are replotted in 
Fig. 23 B against the number of impulses that have been set up by the 
first load. It will be seen that at first the curves for small loads fall most 
rapidly, but are later overtaken by those of the larger loads. Thus, at 
the beginning, the large loads set up more impulses for the same change 
in state of the end organ than do the small loads, so that there is less 
adaptation per impulse, and this has always been found to occur in a 
number of experiments in which this point has been investigated. 


Test load. 


In all the above experiments the test load was equal to or greater 
than the largest initial load used. The reason for this was that if a small 
test load was applied after a large initial load the small load produced 
very little or no response in the first 5 sec. after its application, and only 
later did impulses appear, so the method cannot be used in these cases. 

It is evident from this that a definite threshold which is absent from 
the resting end organ (evidenced by the resting discharge in the absence 
of any stimulus) appears and increases with adaptation, so that loads 
which produce a discharge from the resting end organ are sub-threshold 
when applied to the adapted end organ. Thus with adaptation the 
excitability of the end organ falls. | 


Discussion. 


It has been shown that the end organ has a maximum power of 
setting up impulses when resting and that, during stimulation, in pro- 
portion to the stimulus and time it has been acting, this power is reduced 
and returns when the stimulus ceases or is reduced. Bronk [1929] has 
shown that these end organs undergo fatigue which is greatly increased 
in the absence of oxygen, and we must here consider why the processes 
which are investigated in this paper are classed as adaptation rather 
than fatigue. The fall of response which Bronk investigated, and which 
was affected by the presence or absence of oxygen, only appeared after 
some minutes of activity, and took many minutes to disappear, whereas 
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the process considered in this paper began to appear in the first second 
of activity and the end organ returned to very nearly its resting state 
in a few seconds. From his experiments on the response in oxygen and 
nitrogen Bronk concluded that the initial fall of frequency must be 
ascribed to causes other than fatigue. He says: “It has been pointed 
out that the rapid decline in impulse frequency described as adaptation 
may be due to different causes from those producing the decease in 
activity which results from prolonged stimulation. The experiments 
described show that the later, or fatigue effect, is greatly increased by 
lack of oxygen, whereas the former seems to be little modified thereby 
all of the experiments show that an unfatigued muscle adapts about as 
rapidly in pure oxygen as in nitrogen.” So that it is probable that the 
initial fall of frequency and development of the adaptation remainder 
is not influenced by the presence or absence of oxygen, and is quite 
distinct from fatigue. It has been shown that the development and 
disappearance of the adaptation remainder are greatly influenced by-the 
ionic composition of the fluid in which the preparation is immersed. It 
is difficult to see why this should occur if the adaptation remainder was 
the result of fatigue. 

The end organ has a potential store of impulses which is used up 
during stimulation and replaced during rest, and it is probable that this 
restoration is not immediately dependent on oxygen, though Bronk’s 
[1929] work and the observations on hydrocyanic acid quoted above 


show that the whole process is ultimately dependent on changes of an 


oxidative character. What then are the changes underlying adaptation 
which are responsible for the fall in the end organ’s power to respond? 
It is generally supposed that the occurrence of an impulse in a nerve 
(or muscle) fibre is due to the breakdown of a polarized surface, and the 
resulting passage of ions from the interior of the fibre. During the period 
immediately following the impulse the surface reverts to the polarized, 
impermeable state. An electric stimulus acts because it can depolarize 
the fibre, and a mechanical stimulus presumably has the same effect 
because it causes a momentary (or permanent) disintegration of the 
surface layers. Since there is no reason to suppose that the end organ 
differs essentially from any other excitable structure, we may assume 
that tension on the end organ stimulates it by deforming the surface 
membrane sufficiently to produce complete instability. The breakdown 
is followed by a refractory phase and a gradual return of the membrane 
to its normal polarized condition, but the continued action of the 
stimulus causes a renewed breakdown as soon as recovery has advanced 
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far enough for the stimulus to become effective. Various explanations of 
the refractory phase and its gradual disappearance have been put for- 
ward, but it is probably safe to assume that the recovery depends on 
the gradual restoration of some component, e.g. a replenishing of the 
store of ions which maintain the surface polarization. It seems possible 
to account for most, if not all, of the facts on the assumption that the 
rate of recovery depends on the concentration of this substance in the 
immediate neighbourhood of the surface membrane, that the concentra- 
tion is reduced by the stimulus and whenever an impulse is set up, and 
that it is restored from two sources: (a) by diffusion from neighbouring 
regions, (b) by a Process of replacement, probably involving a chemical 
breakdown. 

The depletion of the store would be caused in the first instance by 
the stimulus, and an inadequate stimulus might cause some loss without 
ever setting up an impulse. Whether the loss would be greater when an 
impulse is set up is an open question. Up to the present it has been 
impossible to stimulate these end organs in such a way that they become 
adapted without setting up any impulses, but Adrian’s experiments 
with gradually increasing stimuli show that it is the stimulus rather than 
the setting up of impulses that is the important factor in producing 
adaptation, though the stimulus always results in the setting up of 
impulses the two factors causing adaptation cannot be 5 0000 
dissociated. 

The above hypothesis agrees with all the existing data on end organs, 
but several points need amplification. It is assumed that the substance 
which is removed during adaptation is replaced rapidly at the membrane 
(by the (b) process) and that it is also drawn from a “reservoir” 
diffusion ((a) process) and similarly replaced during rest. It is necessary 
to assume this diffusion from a reservoir to explain the observation that, 
on cessation of the stimulus, there is a rapid return of the power to 
respond initially at a high rate but a slower return of the power to 
maintain a high rate of response. Most of the data on adaptation might 
perhaps have agreed with a simpler hypothesis, e.g. one involving restora- 
tion by coupled chemical reactions, but one set of observations, namely, 
the inflexion in the curves of Fig. 20, can only be accounted for if it is 
assumed that diffusion from neighbouring regions is an important factor 
in the restoration of the substance removed during adaptation, and it is 
very difficult to account for these observations in any other way. The 
hypothesis offers an elegant explanation of this which is most easily 
shown with the aid of diagrams. 
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In Fig. 24 A is shown the resting concentration of the substance up 
to the membrane; on stimulation the concentration near the membrane 
will fall as in B and will be restored by the (b) process occurring at the 
membrane, and also by diffusion. Consequently as the stimulus is pro- 
longed the concentration gradient up to the membrane will change as 
in B, C and D. If now the stimulus is removed the concentration close 
to the membrane rises rapidly (Fig. 20 E) owing to process (b), and the 


Fig. 24. Diagrams to show concentration of substance diffusing from a region of fixed 
concentration up to a point where it is being utilized. The different figures show 
the concentration gradient at different times. 


concentration farther from the membrane will rise slowly owing to 
diffusion as in F; so on reloading the conditions at the membrane are 
nearly the same as in the resting end organ, and at first it will respond 
at nearly the same initial rate, but the concentration at the membrane 
and therefore the rate of response will fall much more rapidly than on 
first loading (see Fig. 20 G). Moreover, a hump will occur in the concen- 
tration gradient, and until this has smoothed out there will be a pause 
in the fall in concentration at the membrane. It seems possible that this 
might account for the pause in the fall of frequency of response of the 
end organ which occurs soon after reloading. ‘ 
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The mechanism which has been ascribed to the nerve ending differs 
very little from that of the nerve fibre, and if adaptation is due to re- 
moval of the ions along a polarized membrane we should expect it to 
occur to some extent in the nerve fibre. Brücke [1926] has shown that, 
during the prolonged activity of a nerve fibre, the refractory period 
lengthens. This slowing of recovery might be due to the causes that have 
been suggested to produce adaptation of the nerve ending, but it is very 
slight compared to that of the ending, and so it is suggested that in the 
fibre the removal of ions is much less owing to the permeability never 
being increased by deformation, and so the fibre is not much affected 
by the slight loss of ions. 

It is clear from the profound effect an electric current has on the 
decline of the end organ response, that adaptation is closely bound up 
with membrane polarization. The mechanism suggested for the end 
organ might certainly be influenced by an electric current in the way 
observed, a current flow in one direction tending to delay the diffusion 
(a) process and cause an earlier fall of the concentration of the substance 
at the membrane, reversed current flow aiding diffusion and maintaining 
the concentration at the membrane, and thus the response, at a higher 
level. 

Cylindrical diffusion from the centre to the membrane surface of the 
fibre would be too rapid to account for the behaviour of the end organ 
in the way suggested, so that it must be assumed either that diffusion 
occurs from some reservoir, e.g. from the myelinated part of the fibre 
to the adjacent non-myelinated part at the termination of the medullary 
sheath, or else that adaptation is due to substances which escape from 
the membrane into the surrounding regions “clogging” the action of 
the membrane. The above hypothesis holds equally in the latter case. 


SUMMARY. 

1. A method is described of making a muscle preparation containing 
a single nerve ending responding to stretch. | 

2. This nerve ending is found to lie in the centre of the muscle, where 
histological preparations reveal a single muscle spindle. 

3. The response in the nerve when the muscle is stretched is recorded 
with a moving iron oscillograph. It is found to be extremely constant 
for any given tension. : 

4. If the muscle is kept in a small quantity of Ringer for some time 
the response in the nerve is first depressed and then disappears, but 
returns to its initial magnitude when the Ringer is changed. 


x: 
4 "ER: 
8. 
2 
3 
* 
. 
BK 
7 
% 
* 
> 
¥ * 
+ 
4 
7 
og 
a 
we 
* 
* é 
* ** 


SINGLE END ORGAN RESPONSE. 109 


5. The frequency of response is found to be roughly proportional to 
the logarithm of the load. 


6. When the muscle is loaded rapidly the interval between the im- 
pulses set up is only a little greater than the absolute refractory period 
of the nerve fibres concerned, and also the time relations of the action 
currents of these impulses are modified, showing that they are travelling 
in an incompletely recovered nerve fibre. It seems possible that these 
rapid discharges may be due to continuous rather than intermittent exci- 
tation of the nerve fibre. 

7. The viscosity of the end organ may account for the discontinuities 
in the response when small loads are applied rapidly. 

8. The interval between the impulses at the highest frequency re- 
corded varies with temperature in much the same way as does the 
absolute refractory period of a nerve trunk. 

9. The behaviour of the end organ is greatly modified by the ionic 
composition of the surrounding fluid. In sodium chloride the frequency 
of discharge remains high for some minutes; addition of either calcium 
or potassium alone reduces the response below that obtained in Ringer. 
Moreover, calcium and potassium appear to have an antagonistic action. 

10. Rhythmic discharge of grouped impulses occurs when the pre- 
paration is kept at 25° in sodium chloride; the significance of these is 
discussed. 


11. The response can be modified by passing a steady current through 
the muscle. The change in the response depends on the direction of 
current flow. 

12. Hydrocyanic acid is found to cause a transient increase in the 
response later followed by extinction of the discharge. 

13. Adaptation is examined, and it is found that there is an after 
effect lasting several seconds after the stimulus is removed. 

14. This adaptation remainder has been measured quantitatively 
and is found to develop as stimulation is prolonged and vanish in a few 
seconds after the stimulus is removed. 

15. The adaptation remainder is found to be a function of the total 
stimulation, i. e. the magnitude of the load and the time it has been 


16. A hypothesis is suggested to account for the observed behaviour 
of these end organs. | | 


I wish to express my gratitude to Professor Adrian for his very 
valuable encouragement and criticism throughout this work. 
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A METHOD OF ULTRA-FILTRATION IN VIVO. — 
By ALEXANDER GEIGER, MD. i 


(From the Department of Hygiene, Hebrew University, Jerusalem.) 


In examining the 8 of electrolytes between blood i 
and plasma, and in the plasma between plasma proteins and water, it 
was thought desirable to work with circulating blood. It is not yet 
possible to reproduce exactly in vitro the physico-chemical conditions of 
the circulating blood, the factors involved being as yet incompletely 
known. Even in the normal organism, moreover, these conditions are 
not the same at every moment and in every organ. It is unsafe also to 
assume that, in blood which has clotted or has been defibrinated, or in 
which clotting has been prevented by one of the usual anti-coagulants, no 
significant irreversible changes may have occurred. Further, it may not 
be possible exactly to reproduce the original equilibrium, after separating 
the different constituents of blood (e.g. by centrifuging), by mixing them 
again in the same proportions and by re-establishing the original gas 
pressures. Even if anti-coagulants which occur normally in the organism 
are used, e.g. heparine, it is possible that profound and irreversible changes 
of the blood proteins take place on removal of the blood from the vessels. 
In this connection the reaction which occurs in man after a re- injection 
of his own blood may be mentioned. 

An attempt, therefore, was made to examine the blood without re- 
moving it from the vascular system. Such an attempt has already been 
made by Abel. He allowed the blood to flow through a tube of collodion 
joined to a blood vessel and immersed in a water jacket. Between the 
solution outside and the blood inside the collodion tube an osmotic 
equilibrium is established after several hours. The analysis of this outer 
fluid gives the concentration of the crystalloids not bound to proteins in 
the blood plasma (after making the necessary corrections, ¢.g. the Donnan 
correction). This ingenious method, however, has one serious objection: 
the time necessary for the establishment of osmotic equilibrium is too 
long (4-6 hours). It cannot, therefore, be used for several experiments 
made on the same animal, in order to examine equilibria under different 
conditions. The prevention of coagulation for so long a time may induce 
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significant changes in the blood. The time necessary for the establishment 
of osmotic equilibrium through atcollodion membrane depends on the 
nature of the dialysed fluid and on the permeability of the membrane, 
and it is difficult to determine exactly the time when the dialysis has been 
completed. 
. A different method therefore has been worked out, involving ultra- 

filtration in vivo. A specially constructed ultra- filter is joined to an 
artery or vein: the blood circulating continuously through the apparatus 
returns to the same blood vessel. The blood flows continuously through 
a spiral, the two opposite walls of which consist of collodion membranes, 
which are ultra-filters. The outsides of both these membranes are put 
under negative pressure to accelerate the filtration. The blood, in passing 
through the apparatus, practically retains its natural velocity, as well as 
its pressure and gas tension. As ultra ; filtration is very slow, new quan- 
tities of blood are filtered continuously. The effect therefore is fairly 
equally distributed through the whole blood content of the body, and the 
loss of water by ultra-filtration is negligible. 

Heparine was used as an anti-coagulant. 
By adequate choice of the membrane it is possible to obtain a filtrate 

containing crystalloids only, or alternatively, a plasma which contains the 
whole or a part of its proteins. 


APPARATUS, 
The apparatus consists of three main parts: 
(a) The middle part consisting of eee 
spiral slot is out. The plate has a thickness of 4 mm. and a diameter of 


10h em (ig 1 A). The width of the spiral is 4 mm. and its whole length 
about 34 cm. ee The 
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last centimetre is covered with metal, and the slot continues into a metal 
cenpula at each end. Both surfaces of the plate are exactly ground and 
the whole plate thoroughly plated with nickel or, better still, with gold. 

(6) Tuo equal and similar side parts, consisting each of a ring frame b 
(Fig. 2) into which a metal plate a, provided with numerous holes, is 
soldered, This plate presses the collodion membrane against the middle 
plate (Fig. 1 B and Fig. 2). Plates a have the same size and shape as the 


5 


d 


Fig. 2 4 motal connule; b, xing freme; a, metal plate with holes; A, middle plate with 
spiral slot (Fig. 1); e, glass plate; d, tubes leading into receivers; f, receiving flask; 
g, pear-shaped flask containing water; h, glass tube, filled with CaCi,. 


middle plate A, against which they are ground exactly. The holes on 
plate a are arranged in a spiral so as to correspond to that in the middle 
plate. On the outside of the ring-shaped frame b a glass plate ¢ is screwed 
which rests on a flat metal ring soldered to the frame, A second metal 
ning keeps the glass plate in position from outside. The glass plate which 
keeps the apparatus air-tight by means of rubber rings permits observa- 
tion of the process of filtration, so that the process can be stopped in case 
of irregularity. Between the glass plate and plate a there is a apace 1 cm. 
PH. LXXI. 
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deep. Into the frames b two small tubes d are inserted which open into 
the receivers which are kept under negative pressure. Between the middle 


plate A and each of the side plates a, a collodion membrane and a disc 

of ashless filter paper are clamped. The three parts of the apparatus are 

kept together by means of six side screws, as shown in Fig. 2. 
Two glass cannule (Fig. 3) are attached by rubber tubes to the metal 
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00 


Fig. 3. a, artery (or vein); g, glass cannule; &, rubber tubes connected with glass 
syringes; OC, metal cannule of the apparatus; A, B and b, clamps. — 


cannuls of the middle plate, and these are joined to the blood vessel. The 
glass receiver for the ultra-filtrate is a graduated glass vessel closed by 
a rubber stopper with two holes. Through one of these holes a glass tube 
connected with the metal tube of the frame b passes. Through the second 
hole a short glass tube leads into a little pear-shaped glass bottle, which 
is connected by another glass tube with a small calcium chloride container. 
The pear-shaped glass bottle contains a few c.c. of water to prevent 
rapid evaporation of the ultra-filtrate. The whole arrangement is kept air- 
tight. The calcium chloride container is connected, through a suction 
flask and a second larger calcium chloride container, with the vacuum 
THE COLLODION MEMBRANE. 

Two kinds of collodion membranes are used as filters: one which 
allows the passage of all the plasma proteins, and one for ultra-filtration, 
which is completely impermeable to plasma proteins and permeable 


only to crystalloids and water. The membrane has to be easily and 


exactly reproducible, should have a rather high filtering velocity, and 
should be sufficiently strong. Most known methods for the prepara- 
tion of ultra-filters were tried. The best membranes were obtained 
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by the method of Bjerrum. The permeability of these membranes is 
easily regulated, and the membranes can be easily reproduced if constant 
experimental conditions are maintained. They have uniform pore sizes 
and have a considerable resistance to mechanical pressure. The most 
convenient membranes were made by the following method. A 5 p.c. 
solution of celloidin (Schering) was prepared in a mixture of 20 parts 
alcohol and 80 parts ether. 10 0. 0. of this solution was permitted to flow 
into an iron ring of 11 cm. diameter standing in mercury. This was dried 
for 25 minutes at 24° C. in air, the relative humidity of which was 70-80 
p.c. After the membranes had been kept at least 12 hours in distilled 
water and examined for their impermeability to proteins, they were ready 
for use. 

Another membrane was made which was permeable to all the plasma 
proteins and retained only the blood cells. It was very difficult to make 
a membrane which possesses, in addition to a great permeability, uniform 
size of pores. Finally the method of Bechhold and Silberstein, with 
a slight modification, gave the desired result. In Bechhold and Silber- 
stein’s method a solution of collodion in glacial acetic acid is poured into 
a porous porcelain vessel. The solution is then poured out, and a diluted 
solution of acetic acid is poured on the thin layer of collodion which 
adheres to the porcelain. This watery solution of acetic acid coagulates 


the collodion. The permeability of the membrane varies according to 


the concentration of the acetic acid, the higher the concentration of the 
acetic acid, the greater the permeability. More delicate variations in 
permeability can also be made by changing the concentration of the 
collodion. This method could not be applied in its original form, as isolated 
membranes are needed for the apparatus. The method therefore has been 
modified as follows: 

A petri dish of about 14 cm. diameter is placed in a desiccator. The 
dish is half-filled with mercury. On the mercury is placed a glass or iron 
ring. Into this ring a measured volume of the collodion solution is 
poured and the desiccator covered until the collodion is equally distri- 
buted. Two hours later the collodion is covered with the watery solution 
of acetic acid which coagulates it. After about 4 hours the solution is 
removed and the membrane washed 24 hours in frequent changes of dis- 
tilled water. The membrane is then pressed in an ultra-filter apparatus, 
and after 100-200 C. c. of water have been filtered through the membrane, 
its permeability is tested by filtering defibrinated blood. Oxalated blood 
should not be used, as the calcium oxalate which forms in the blood 
makes the membrane impermeable after a short time. The permeability 
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116 GRIGER. 
for proteins is tested by nitrogen determination and the impermeability 
for red cells by microscopic exantination. 

With the two types of membranes described it is possible to get 
(1) an ultra- flltrate completely free of proteins, and (2) plasma containing 
nearly all ite proteins. 

Procepurs. 


Before use all parts of the apparatus are carefully cleaned and dried. 


The glass plates are screwed on and the spiral plate is covered with 
paraffin. This is carried out as follows. A funnel is inserted into the 
cannula of the spiral and two glass plates are pressed on both sides 
of the plate. The whole apparatus is then warmed to about 80° C. and 
heated paraffin is poured through the spiral. The apparatus is then 
taken out from the thermostat and care taken to remove all the paraffin. 
The two glass plates are taken off before the apparatus is completely 
cooled. 


Several numbered receiver flasks of the described form are weighed. 
For each experiment four to six tested membranes are kept ready. The 
operation should not be started before all these preparations are finished. 

If arterial blood is to be examined it is best to connect the apparatus 
with the catotid artery. The animal is fixed on its back on the operating 


table. The neck of the animal should stand out beyond the plane of the - 


table in order to have the neck quite free for manipulation. If undesired 
effects of narcosis are to be avoided the area to be operated is anasthe- 
tized with novocain. The carotid is then laid open for a length of about 
6 cm. This operation should not take more than 3-5 minutes. The wound 
is covered provisionally with 4 tampon soaked in saline. 

Heparine is now injected with a fine hypodermic needle into the pre- 
pared artery. In experiments which are likely to last 30-50 minutes 
0-02 g. of hepatine per kg. body weight is used. } 

The two membranes for the experiment are now taken out of the 
water, superficially dried between two sheets of filter paper and weighed 
quickly on a torsion balance. The apparatus is assembled rapidly. 
Between each of the side plates and the collodion membrane a piece of 
ashless filter paper is placed. All the screws of the apparatus are then 
firmly tightened. The artery is clamped at two points 4-5 om. distant 
from each other. Two incisions are made in the part between the clamps, 
about 2 cm. from each other. Two cannuls are fastened in these incisions, 
as shown in Fig. 3. The apparatus is hung on its stand and the cannule 
connected with the apparatus by short pieces of rubber tubing. The 
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ULTRA-FILTRATION IN VIVO. 117 


artery must be neither bent nor pulled. To avoid air emboli the blood is 
- introduced into the apparatus as follows: 


The clamp ö is opened. Next clamp B is opened carefully so far that 


4 the blood gets into the cannula up to the point where it branches, Clamp 
B is then closed again. The centrally situated clamp A is now opened. 
The blood flows into the apparatus and drives the air out through the 


opened clamp 5. If it is certain that no air is left in the apparatus, clamp 


b is closed and clamp B opened. At the same time the vacuum pump is 


put to work. The blood now circulates freely through the apparatus. Into 


4 the two branches of the cannulæ, & and &, two syringes filled with heparme 
 sobation are inserted from which small amounts are injected about every 


5 minutes. Thus coagulation of the blood in the apparatus and emboli in 
the body are avoided with certainty. 

I only ultra-filtrate is wanted, the membranes are chosen accordingly 
and both sides of the apparatus are connected with the same receiver. 
If both ultra-filtrate and plasma are wanted, each side of the apparatus 


is provided with a suitable membrane and connected with a separate 


receiver. 

At the end of an experiment air is first let into the receivers, the blood 
stream is then interrupted by closing clamps A and B, and the receivers 
with the ultra-filtrate removed. 

If, during the experiment, a membrane should prove not to be tight, 
as indicated at once by foaming of the ultra-filtrate or a red stain in the 
plasma filtrate, the experiment must be interrupted immediately and 
the faulty membrane changed. A membrane should be used only once, 
as its permeability decreases with repeated use. 

As compared with other types of ultra-filter the model described has 
the advantage of quicker filtration, as the fluid to be filtered is in 
permanent citculation. Viscous fluids rich in proteins can be filtered 
without difficulty. | 

The vivi ultra-filtrate contains all the non-protein constituents of the 
plasma. In order to determine the percentage of a substance which is 
bound to proteins, the concentration of this substance is measured in the 
ultra-filtrate and in the plasma. We assume that the difference in con- 
centration gives the amount which is bound to proteins. As the protein 
in the plasma occupies a considerable volume, the calculation of the con- 
centeations cannot be based on unit volumes, but must be referred to the 
weight of the water in the plasma. For example, if we assume that all the 
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chlorine in the plasms. is free and ultra-filtrable, and if none of the water 
is N the . of chlorine in the ultra-filtrate i is 


h. 


(H,0) means ae in, 1 otherwise the brackets designate the en 
concentration of the substance in question. The suffixes indicate: 
u = ultra-filtrate, pl = plasma. 

In practice we proceed as follows: in weighed amounts of the a. 
filtrate and of the plasma obtained by filtration, the concentration of the 
substance to be examined is determined. The results of analysis thus 
obtained are now corrected for the dry weight of the plasma. Let the 
dry solids from 1000 g. plasma be t g., and the concentration of a sub-: 
stance found = (a). If none of the substance is bound to the 3 oe 
teins its een? in 5 ultra-filtrate should be 


(ay 


It must be stated here that, in the form of calculation used, the 8 
of hydration of the plasma proteins has not been taken into consideration. 
It must be assumed that the amount of the non-dissolving volume varies 

according to the degree of hydration of the plasma proteins, 
As will be shown in a future communication, the degree of hydration 
of the plasma proteins can also be determined by vivi ultra- filtration. | 

The vivi ultra-filtrate which drops into the receiver becomes con- 
centrated under the negative pressure prevailing in the side parts of the 
apparatus, before it gets under the layer of paraffin. In order to deter- 
mine exactly the degree of evaporation we proceed as follows. The re- 
ceiver shown in Fig. 3 is connected with the suction flask by a tube filled 
with calcium chloride. The suction flask and vacuum pump are also con- 
nected by a vessel filled with calcium chloride, Thus no water from outside 
can get into the apparatus. The water evaporated from the vivi ultra- 
filtrate is absorbed in the first calcium chloride tube, and its amount can 
be weighed exactly. The amount of the ultra-filtrate is, therefore, the 
inerease in weight of the receiver flask + the increase in weight of the 
calcium chloride tube and water-bottle g (Fig. 2). The degree of con- 
centration (J) of the ultra-filtrate by the evaporation of water can be 
calculated as follows: 3 


‘increase of of weight of flask 
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Every result of analysis must be divided by the coefficient (J) in 
order to get the true eee of the substance examined in the real 
ultra-filtrate. 

Another source of error may arise poh dilution a the filtrate ra the 
water contained in the membrane. This error can be eliminated by either 
of two methods. 

(a) The amount of collodion contained in each 1 is known 
exactly. The filter membrane, dried superficially between filter papers, is 
weighed, and the weight of collodion subtracted. The water content of 
the membrane thus determined is taken into account as dilution of the 
filtrate. 

(6) As the membrane contains relatively little water and the water 
is distributed in a very thin layer, an osmotic equilibrium between the 
water of the membrane and the blood is established in very short time. 
- Generally 8-10 minutes are sufficient to establish this equilibrium. If 
the blood flows through the apparatus 8-10 minutes before the vacuum 
pump is put to work, it is sufficient to discard the first 0-5 o. o. of the ultra- 
filtrate. Thereafter the filtrate is not diluted. 

Both methods give the same results. 

In method (a) special care should be taken that the vacuum pump 
should be put to work simultaneously with the entrance of the blood into 
the apparatus. 

It remains to be determined whether the gas content of the blood 
does not change in the apparatus during filtration. It was possible that 
the blood flowing through the apparatus might lose gases by the negative 
pressure prevailing at the outer surfaces of the membranes. The following 
experiments prove that this is not so. 

Dog’s blood was taken from the corresponding cannul with the usual 
precautions, before and after passing through the apparatus. The gas 
content of the two samples was determined by the method of van 
Slyke and Neill. 


mm. 
vacuum 
of blood ot blood of blood of blood outer 
before after before — surface 
filter filter Diff. filter Diff. of 
(vol. pe.) (vol. p.c.) (vol. p.c.) (vol. p. o.) (vol. oe) (vol. p.c.) membrane 
19-55 19-42 -0-13 39-3 39-9 120 
17-1 16-9 —0˙2 41-4 41-0 -0-4 130 
18-8 18-8 0 38-5 38-7 +0-2 80 
19-1 19-0 -0-1 43-0 42-9 -01 80 


There was no noticeable loss of gases. 
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SumMMARY. 


1. A method is described for obtaining an ultra- filtrate and plasma = 
by filtration from the circulating blood in the living animal. Possible Be 
sources of error in the method are discussed, and methods for their 
elimination are indicated. 

2. Arguments are given for the assumption that the true distribution 
of electrolytes in the circulating blood can be demonstrated by the method : | 
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POTENTIAL CHANGES IN THE ISOLATED BRAIN 
STEM OF THE GOLDFISH. 


By E. D. ADRIAN (Cambridge) 
ann F. J. J. BUYTENDIJK (Groningen). 


(From the Physiological Laboratory, Cambridge.) 


Son the original observations of Caton [1875] various workers have 
recorded changes of electrical potential in the brain. It has been estab- 
lished that active parts become negative to inactive, but it is difficult to 
say what elements of the central nervous system are responsible for the 
effect. The action potentials of the nerve fibres will presumably con- 
tribute something, though Baglioni’s experiments with strychnine 
[1905] favoured the nerve cells as the most important factor. The 
structures involved are so complex, however, that in recent years very 
little has been added to our knowledge of the central nervous system 
by the investigation of its potential changes?. 

The present experiments fall into line with earlier work in showing 
changes which can be localized and related to the normal activity of the 
brain, and the same difficulty arises when we attempt a further analysis. 
But a tentative analysis is possible and its results are of some interest. 
They suggest a type of electrical activity which differs from that of the 
nerve fibre in its much more gradual rise and decline, and this agrees 
with what we might expect from entirely different lines of work on the 
central nervous sytem. 

METHOD. 


The preparation employed was the isolated brain stem of the goldfish 
removed from the skull and placed on a glass slide. Complete isolation 
may seem an unnecessary precaution, and the damage occurring through 
manipulation and from loss of the circulation must have accounted for 
many failures to observe any sort of activity. But in making a pre- 
liminary survey we were anxious to avoid all extraneous electric changes 
such as those due to the heart and the skeletal muscles. With a sensitive 

1 A preliminary account of work by Bartley and Newman [1930] promises a fresh 
development, but details are not yet available. | 
PH. LXXI. 9 
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amplifying system, electrodes placed on the brain surface may record 
changes developed in almost any part of the body, and it seemed best 
to begin with a preparation in which this source of confusion could be 
definitely excluded. 

The goldfish was chosen because of the large size of its brain stem 
compared with that of the frog, but there is also the outstanding ad- 
vantage that the respiratory centres are far more 1 88 The importance 
of this will appear presently. 

A diagram of the brain is shown in Fig. 1. In making the brain stem 
preparation the fish was decapitated and the cerebrum destroyed by 
crushing. The brain stem was then carefully exposed, and after the roots 
of the cranial nerves had been cut, it was lifted or rolled out of its 


Vagal Optic 


Lobes 


Fig. 1. Diagram of brain of goldfish (Cyprinus carassius). The preparation consists 
of the brain stem, the cerebral hemispheres (shaded) being destroyed. 


bed on to a glass microscope slide moistened with Ringer’s fluid (con- 
taining 0-6 p.c. NaCl). In some preparations the base of the skull was 
removed with the brain stem. The preparation includes the medulla with 
the large vagal lobes on either side, the cerebellum which forms a rounded 
protrusion in the mid-line in front of the vagal lobes, and the mid-brain 
with its paired optic lobes (equivalent to the corpora quadrigemina in 
_ mammals). The primitive cerebrum is so placed that it can be destroyed 
by crushing the skull without much risk of damage to the lower part of 
the mid-brain. 

The brain stem on its glass slide was placed on a stand osrrying two 
non-polarizable electrodes (Ag, AgCl) ending in moist threads. The re- 
cording system was a valve amplifier leading to a Matthews oscillograph 
and a loud-speaker. The particular arrangement in use has been described 
recently [Adrian, 1930 al, but as the experiments advanced, the 
coupling arrangements in the amplifier were progressively modified to 
give faithful records of slower and slower — The only other addi- 


¥ * Pe, | * 
if 
75 
a 
— 
4g 
ia 
„ 
ay 
1 
77 
K. 
— 
4 / 
| 
erene Fore brain 
3 
, ag 
y 
2 
* 
5 
x 
£ — 
ag 
* 4 


POTENTIAL CHANGES IN GOLDFISH BRAIN. 123 


tion has been the provision of an alternative loud-speaker which gives 


prominence to sound waves of low frequency. This was installed for work 
on impulses of the slow type (e.g. in sympathetic fibres), and it has been 
of great use in the present research where it is important to be able to 
detect potential fluctuations over the widest possible range of wave- 
REsvuurs. 
(1) Respiratory waves. 

Unless the brain stem has suffered gross injury in the process of 

removal, it is nearly always possible to detect small and rapid potential 


— — 


Fig. 2. Rhythmic potential waves from the brain stem in five different preparations. 
Various electrode arrangements. In E the amplifier was adjusted to give the cali- 
bration curve in Fig. 3 B and there would be very little distortion of the wave form. 
In the other records it may be considerable. 


oscillations which vary with the position of the electrodes and cease after 
an hour or more. As a rule they do not exceed about 0-005 millivolt. 
In many preparations, however, a much more striking effect appears, 
for the oscillograph records a succession of large, slow waves, occurring 
fairly regularly at intervals of 1 to 3 seconds. The records in Fig. 2 are 
taken from five different preparations. The first three show the rhythm 
but cannot be taken to give much indication of the true wave form, for 
they were made in the earlier experiments when the amplifier was not 
arranged to deal with very slow changes. Owing to the condenser 
9—2 
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coupling between the valves, a potential change which is established 
suddenly and maintained at a constant value is always reproduced by 
a deflection which falls more or less rapidly to the base line. With the 
coupling originally in use (Fig. 2 A, B, C) the deflection would fall to 
half the initial value in about 3; sec. Fig. 2 D is from a later experiment 
made after the coupling had been altered so as to increase this decay 
time to } sec., but there was still some distortion of the wave form, and 
the diphasic appearance of the wave is probably an artefact. Finally 
the condensers and grid leaks were altered so that the product capacity 
(microfarads) x resistance of leak (megohms) was equal to or greater 
than four throughout the system. The calibration curve (Fig. 3 B) shows 
that there is now very little distortion unless the change lasts more than 
half a second. Figs. 2 E and 3 A were made with this coupling, and may 


Fig. 3. A. Rhythmic waves from another preparation with final arrangement of amplifier. 
B. Calibration curve of amplifier (final arrangement) showing slow rate of decline. 


Amplifier working at half maximum sensitivity. Deflection produced by 10 micro- — 


volta. In most of the records the sensibility is less than this. 


be taken to represent the true wave form in the two preparations con- 


cerned. 

The potential changes have varied from 0-02 to 0-15 millivolt. If 
they occur at all they can usually be detected with any arrangement of 
the electrodes, provided that they are not'placed symmetrically on either 
side of the brain stem. The waves may be evident as soon as the pre- 
paration is set up, or there may be a delay of some minutes before they 
begin: in some preparations they have only appeared for a few minutes, 
and in many they have never appeared at all. There is usually some 
irregularity of the rhythm at the start, and a progressive slowing before 


the waves disappear. 


These changes must indicate some kind of rhythmic activity, and 
the frequency at which they recur makes it almost certain that the 
activity is connected with respiration, for the respiratory movements in 
the goldfish occur at intervals of from 1 to 3 seconds and the motor 
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nerves concerned take origin in the brain stem. The resemblance between 
the two rhythms is illustrated in Fig. 4. The upper record is from another 
| part of the experiment already shown in Fig. 2E, and the lower was made 
from an intact goldfish, breathing quietly in a tank of water, by earowing 
a shadow of the gills on to the slit of the recording camera. 


Fig. 4. Comparison of potential wave rhythm and rhythm of respiratory movements. 
Upper record from same experiment as Fig. 2 E: lower from an intact fish to show 
gill movements in normal respiration. 


The absence of rhythmic waves in many preparations is not sur- 
prising. Accidental damage to the brain stem must often be responsible, 
but in many fish the respiratory movements become irregular or cease 
altogether when the fish is at rest in well-aerated water; and these fish 
are the least likely to furnish brain stem preparations with regular 
potential waves. The best preparations have been made from fish which 


Fig. 5. Examples of irregular rhythms from three preparations. 


breathe vigorously, and it is usually a favourable sign if rhythmic gill move- 
ments continue after decapitation and the destruction of the fore brain. 

| The various disturbances of rhythm which appear in the brain stem 
record are not unlike those in the respiratory movements. The commonest 
is the occurrence of two or more waves in rapid succession followed by 
a long pause (Fig. 5). This may be compared with a common respiratory 
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disturbance in which there are two or three rapid movements of the 
mouth. Francois Franck [1906] has described such movements under 
the name of “redoublement inspiratoire.“ Kouliabko [1907] has 
studied the respiratory movements of the isolated head of different fish, 
and his records show various irregularities of rhythm, most of which have 
appeared from time to time in our records from the isolated brain stem. 
Finally it may be noted that we have never found regular potential waves 
of this kind in the brain stem of the frog or tortoise where the respiratory 
movements are very infrequent’. 


+ = 4 


A 8 


Fig. 6. Localization of rhythmic potential change. In A the earthed lead is on the lower 
part of the medulla and the input lead on the vagal lobe. The deflection shows that 
the vagal lobe becomes negative to the medulla. In B the earthed lead is on the vagal 
lobe and the input on the optic lobe. The reversal of the deflection shows that the 
vagal lobe is also negative to the mid-brain. (N.B. Amplifier not fully corrected.) 


The waves are due to changes in the potential of the vagal lobes 
relative to the rest of the brain stem. If one electrode is on the mid- 
brain and the other on the caudal end of the medulla, either electrode 
may show negativity to the other. But if one is on the cephalic end of 
one of the vagal lobes, the deflection indicates negativity at this electrode 
wherever the other may be. Records illustrating this are given in Fig. 6, 
1 Setschenow [1881] found occasional spontaneous potential changes in the frog’s 


medulla and suggested that due to the 
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and the distribution of potential is shown in the accompanying diagrams. 
In agreement with this it is found that the maximum deflection occurs 
where one electrode is on the vagal lobe and the other at some distance 
either in front or behind, and also that the mid-brain can be extensively 
damaged without stopping the waves. 

Only three experiments have been made after the amplifier distor- 
tion was eliminated, and in all of them the waves have been purely 
monophasic as in Fig. 2 E. The diphasic appearance of some of the earlier 
records (e. g. Fig. 2 D) is no doubt due to this distortion, but occasionally 
complex wave forms have appeared which cannot be explained in this 
way (e.g. the initial downward spike in Fig. 2 B). Such effects are 
probably due to a shift in a region of maximal potential gradient during 
the active period, but the region cannot move far beyond the limits of 
the vagal lobes for the monophasic form would then be exceptional. 


Nature of potential changes. 

The rhythmic waves are clearly of very long duration compared with 
the action potential wave in a nerve or muscle, for each may last } sec. 
or more. Their contour is usually smooth, the small rapid oscillations 
of the base line being no more prominent during the waves than in the 
period between them. To account for such slow, smooth changes of 
potential, we may consider two extreme possibilities. One is that we 
have to deal with a slow change which occurs at much the same rate 
throughout the active part of the brain stem, and increases and declines 
in intensity part passu with the potential change at the electrodes. The 
other is that the curve is produced by the summation of a number of 
brief potential changes (e.g. action currents in nerve fibres) occurring 
repeatedly in different elements, the rise and fall of the curve being due 
to an increase and decrease in the number of elements which happen to 
be in the active state at any moment. 

To take first the summation hypothesis: the chance of obtaining a 
smooth curve will obviously depend on the number and duration of the 
individual potential changes which sum their effects at the electrodes?. 
In medullated nerve fibres, however, the action potentials are so short 
that a discharge in a large nerve trunk is always accompanied by rapid 

1 The smoothness of the curve will also depend on the type of recording apparatus in 
use, for this may move too slowly to give a true reproduction of the individual potential 
changes. With the Matthews oscillograph there is little danger of this, but in photographs 
of nerve discharges made with the capillary electrometer the damping of the movement 
often produced the appearance of considerable summation, although none was present in 
the analysed record. : | 
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fluctuations of potential due to changes in the total number of impulses 
from moment to moment. These can be detected both on the optical 
record (where they are quite as large as the steady deflection of the base 
line) and by the loud-speaker. In the present case the deflection was 
often so large that the optical recording system was worked at one-tenth 
of its maximal sensitivity, yet the loud-speaker, working always at 
maximal sensitivity, gave no noise to correspond. The action potentials 
are of much longer duration in sympathetic fibres [Erlanger and 
Gasser, 1930; Adrian, 19306], yet here too a discharge in a nerve 
trunk is always accompanied by a deep rumbling sound due to imperfect 
fusion of the individual waves. Thus a smooth curve could only be pro- 
duced by nerve fibre activity if the total number of impulses at any 
moment was much greater than has ever been found in a peripheral 
nerve trunk, and it is more likely that some other part of the nervous 
apparatus is responsible. The curve might be a summation of repeated 
potential waves in a part of the neurone which reacts more slowly than 
a sympathetic fibre (the dendrites perhaps), or there is the alternative 
hypothesis that in each element there is a simple potential change whose 
rise and fall agree more or less with that of the whole curve. Evidence 
has steadily accumulated in favour of the view that within the central 
nervous system the state of excitation differs from that in the nerve 
fibre in that it may develop and subside much more gradually [Sherring- 


ton, 1929]; it is natural, therefore, to compare the gradual development 


of the potential wave in the brain stem with the gradual development 
of an excitatory state in the respiratory centre. 

There is, however, another type of electric response where the wave is 
not so simple. Occasionally the respiratory waves have a rapid series 
of indentations (Fig. 7), and the same kind of effect appears much more 
clearly in some of the waves which originate not in the vagal lobes but 


in the mid-brain. 
Mid-brain responses. 

When one of the leads is placed on the surface of the optic lobes the 
rapid, irregular fluctuations of potential are usually more prominent than 
when both leads are elsewhere. They vary from time to time and may 
suddenly increase to an amplitude of as much as 20-30 microvolts, but 
as a rule they are very small in comparison with the more definite waves 
characteristic of the mid-brain. These usually appear after the prepara- 
tion has been set up for 10 to 15 minutes. One type consists of a train of 
waves of smooth contour, resembling the respiratory waves of the vagal 
lobes but with more rapid changes in frequency over a much wider range 
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(Fig: 8). Their origin in the mid-brain is shown by the sign of the de- 
flection, which indicates a negativity of the optic lobe to the rest of the 


brain stem, and by the much smaller deflections obtained when both 


leads are placed lower down. Another type is shown in Fig. 9. This has 
occurred in almost every preparation, though it is sometimes necessary 
to wait for half an hour for its appearance. At intervals of 10 to 20 
seconds there is a large, slow deflection with fairly regular indentations 
superimposed on it. These may be only just visible in the record or they 


Fig. 7. Records from two preparations showing small indentations superimposed 
| on the main potential wave. 


Fig. 8. Potential changes in the mid-brain (optic lobe) from two preparations. In A there 
is a series of smooth deflections. In B both mid-brain and vagal lobes are active. The 
record shows small waves at 18-20 a second due to the mid-brain and slow changes 
(1-5 sec. apart) due to the vagal lobes. 


may be larger than the slow deflection (as in Fig. 9 B, D). Sometimes 
they appear or cease suddenly half-way through the deflection (Fig. 9 
C, D and F). The frequency of the rapid waves varies from about 20 a 
second at the height of the discharge to about 10 a second at the end. 
The mid-brain sometimes shows a more persistent activity of this kind, 
a series of small waves of fairly regular form lasting for several minutes 
(Fig. 8 B). It is impossible to say whether these are accompanied by a 
steady potential difference between the active and inactive parts of the 
brain stem, for the amplifier would give no record of this after the first 
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few seconds, and we have not succeeded in catching the moment at 
which such a discharge begins. i 
These changes of potential in the mid-brain may perhaps correspond 
to the convulsive movements which occur from time to time in a fish 
out of water; their late appearance certainly shows that they are the 
product of nervous tissue in an abnormal state, but they have enough 
in common with the respiratory waves to warrant their discussion. The 
appearance of the rapid fluctuations suggests that they are due to a 
repeated synchronous activity in a group of neurones, for in cases where 


Fig. 9. Compound waves from the mid-brain (optic lobes). A and B from one preparation, 


C, D, E and F from another. Downward movement indicates negativity of the optic 
lobes, 


this occurs the discharge approaches to a sinusoidal wave form as in 
Fig. 9. Synchronous action might be expected in the brain stem, for it 
is often found when a group of nerve cells are working in close con- 
nection, e. g. in the discharge of the phrenic nerve centres and of motor 
nerve centres in general [Gasser and Newcomer, 1921; Gasser, 1928; 
Adrian and Bronk, 1928], and in the discharge of the optic nerve 
[Adrian and Matthews, 1927]. The frequency of 10 to 20 a second 
is within the range found in most motor nerve fibre discharges, and the 
rapid waves may, therefore, be due to action potentials in motor or 
other nerve fibres in the brain stem. The question then arises whether 
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the slow deflection has the same origin—whether it is due to a sum- 
mation of repeated action potentials in nerve fibres which do not happen 
to be working synchronously, or whether it represents the slow rise and 
decline of the excitatory state which produces the synchronous discharge. 
As in the case of the respiratory waves we have only the fact that there 
is no sign of the rapid, irregular fluctuations which would be expected 
in an asynchronous nerve discharge. This is not conclusive evidence, 
but, such as it is, it certainly supports the view that we are concerned 


with single slow changes in each neurone and not with a summation 


Discussion. 


The exact nature of the potential changes may seem a point of no 
great importance. Granted that they can be detected and localized, 
they can be used to show the development of activity in different parts 
of the brain whether they are due to impulse discharges in nerve fibres 
or to slow changes in nerve cells. But the question is at least of theoretical 
interest. The recent work of Sherrington and his collaborators has 
made it clear that excitatory states in the central nervous system may 
develop and subside gradually, and if we can regard the slow potential 
waves as expressions of a continuous change we can make a fairly 
definite picture of the events which occur as the excitatory state 
develops. 

It is generally agreed that the excitation of a muscle or nerve fibre 
is associated with a change in surface polarization. The excited or active 
region becomes temporarily depolarized and potential gradients are set 
up so that the excited region becomes negative to neighbouring points 
where the resting polarization is still maintained. Unless the nerve cell 
differs greatly from other excitable structures, its excitation will be 
associated in the same way with a depolarization of its surface, and the 
cell body (or whatever part of the neurone is excited) will become 
negative to the unexcited parts (e.g. the axon). Thus the progressive 
depolarization of a group of nerve cells or dendrites in the vagal lobe 
would produce an increasing potential difference between this lobe and 
the rest of the brain stem (Fig. 10). The precise distribution of potential 
would depend on the direction of the axons, but the bulk of indifferent 


conducting material is so great that the system would be comparable 


to that of a sartorius muscle injured at one end and immersed in a trough 
of saline, and in this case the neighbourhood of the injured region is 
negative to all other points in the trough [Craib, 1928]. We have, 
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therefore, a reasonable basis for the observed potential changes if we 
suppose that they are due to the gradual depolarization and recovery of 
a large group of nerve cells in the brain stem. 

This hypothesis also gives a reasonable explanation of the type of 
discharge which occurs in the motor nerve fibres. We may liken the 
depolarized nerve cell and its axon to a nerve fibre which has been 
injured, and so permanently depolarized, at one end. In certain fibres 
it is found that an injured region can act as a persistent stimulus to the 
neighbouring part: a fresh impulse is set up as soon as the fibre has had 
time to recover from the last, and so a persistent rhythmic discharge 


— 


— + 


— | ° 


Fig. 10. A. Potential gradient set up by permanent depolarization (injury) in a muscle 
or nerve fibre. B. Potential gradient which would be set up by temporary depolari- 
zation (excitation) in a nerve cell. C. Potential gradients which would be produced 
in the brain stem by depolarization of a group of nerve cells. 


takes place [Adrian, 1930a]. Thus, in the axon leading from a nerve 
cell, we might expect to find a rhythmic discharge of impulses as long 
as the cell remains in the depolarized state. Further, we should expect 
that the frequency of the discharge would vary with the degree of de- 
polarization, and if this develops and subsides slowly the frequency 
should increase and decline in the same way. The rhythmic discharges 
which are actually found in motor nerve fibres agree very well with 
this expectation. With sudden, intense activity, the frequency may be 
high throughout, but as a rule there is a distinct rise in frequency at 
the beginning and a final period of decline [Adrian and Bronk, 1929]. 

The sequence of events which we have assumed to take place in the 
different parts of the neurone is indicated in Fig. 11, but this diagram, 
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like the preceding discussion, must not be taken too literally. We have 
no right to identify the depolarized region with the body of the nerve 
cell, and the structure which is activated rhythmically must be some- 
thing which has a longer recovery time than the nerve fibre if we are to 
account for the low range of frequency of the discharge. These and 
many other points are best left indefinite until we can be more certain 
as to the nature of the slow potential waves, for if they are due to a 
summation of action potentials in nerve fibres the whole scheme falls 
to the ground. 

There is, however, an analogous case which strengthens the view 
that we have to deal with a continuous potential change and not with 
a summation effect from nerve fibres. When a light is thrown on the 
retina the first evidence of activity is the appearance of a difference of 
potential between the front and back surfaces. The change develops 


Fig. 11. Slow wave of depolarization in nerve cell causing rhythmic discharge in axon. 
Potential differences which would be set up between active and inactive regions. 


smoothly and the optic nerve discharge does not begin until after an 
appreciable and fairly constant interval [Adrian and Matthews]. In 
the cephalopod eye Fréhlich [1914] has shown that the slow potential 
change may have a regular series of small waves superimposed on it, 
the records bearing a very close resemblance to those given in Fig. 9. 
The retinal changes are admittedly complex!, but they appear to be 
due not to the photochemical processes but to the development of 
the excitatory state in the retinal neurones; the retina is a sheet of 
nervous tissue containing the same kind of elements as are present in 
the brain stem, and the main retinal changes are almost certainly not 
summation effects in the sense in which we have used the term. 

One other point deserves mention, for it has some bearing on the 

1 Polyphasic deflections occur when the whole retina is illuminated, but according to 


Fröhlich, Hirschberg and Monjé [1928] a simple monophasic deflection is found if 
the illumination is confined to a small area. 
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causation of the excitatory state. Whether they are due to slow changes 
or to repeated impulses the potential waves indicate periods of activity 
which occur in the absence of any external stimulation. The cut ends of 
the cranial nerves might be thought of as a source of persistent afferent 
discharges. In the goldfish, however, as in other cold-blooded verte- 
brates, the cutting of a peripheral nerve never gives more than a very 
brief discharge, and there is no reason to suppose that the cranial nerve 
roots behave differently. The nervous tissue is certainly subjected to 
abnormal conditions which may constitute an internal stimulus, but the 
respiratory waves are so closely related to the normal activity of the 
animal that we need not regard them as a reaction of dying nerve cells. 


It is generally held that the cells of the respiratory centre or centres 


have a tendency towards spontaneous rhythmic activity, though there 
is some doubt as to the part played by afferent impulses in evoking it. 
The present results give a clear case of rhythmic activity with no afferent 
impulses: given the appropriate surrounding medium the nervous tissue 
beats as spontaneously as the heart muscle. The frequency will pre- 
sumably depend on the tensions of O, and CO, in the surrounding fluid, 
though we have no data as to this, since the conditions of the experiment 
did not allow of perfusion of the brain. It would indeed be remarkable 
if the rhythm were not affected by the oxygen supply. On the hypo- 
thesis which we have outlined we may suppose that the cells of the 
respiratory centre never reach the state of dynamic equilibrium necessary 
for maintaining a constant degree of polarization: their surface is always 
either in process of breaking down or of reforming. In the axon a con- 
stant supply of oxygen is necessary for maintaining the state of polariza- 
tion [Hill, 1929; Gerard, 1930; Furusawa, 1929], and if the same is 
true of the nerve cell the frequency of these periodical breakdowns will 
naturally depend on the amount of oxygen available for building up the 
polarized state. 


SuMMARY. 


1. Rhythmic potential waves may be recorded from the isolated 


brain stem of the goldfish. The waves are of long duration (up to } sec.) 
and they recur at intervals which vary from about 1 to 3 seconds. The 
respiratory movements have the same range of frequency, and the 
potential waves presumably coincide with the activity of the respiratory 
centre. 

2. Each wave is caused by the vagal lobes developing a negative 
potential with respect to other parts of the brain stem. The change is 
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usually monophasic and of smooth contour, but small oscillations are 
occasionally present. 

3. Potential waves of various form may occur in the mid-brain. 
Some of these are of smooth contour, but often there are rapid oscilla- 
tions (10 to 20 a second) superimposed on a much slower change. The 
oscillations resemble those obtained from a nerve trunk when a number 
of fibres are discharging rhythmically and more or less in unison. 

4. The slow potential waves may be due to nerve fibre discharges, 
but their form makes it more probable that they represent a slow change 
in the nerve cells or dendrites. 

5. It is pointed out that, if the nerve cells become depolarized when 
they are excited, a slow development and decline of the excitatory state 
would be accompanied by potential waves of the type described, and 
the axon discharge would rise and decline in frequency. 

6. The rhythmic activity of the respiratory centre in the goldfish 
can occur in the entire absence of sensory impulses. — 


The expenses of this work were met by a grant to one of us (E. D. A.) from the 
Foulerton Committee of the Royal Society. 
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THE INITIAL AND RECOVERY HEAT PRODUCTION 


OF VERTEBRATE NERVE. 
By D. W. BRONK. 


(From the Department of Physiology and Biochemistry, University 
College, London, and the Johnson Foundation for Medical Physics, 
University of Pennsylvama.) 


THE experiments reported in this paper constitute a redetermination of 
the course of the heat production accompanying activity and recovery 
therefrom in vertebrate nerve. During the several years that have elapsed 
since the classical studies of Downing, Gerard and Hill [1926] and 
Gerard [1927], there have been marked improvements in technique 
which make possible a more satisfactory experimental procedure. Using 
some of these newer methods Hill [1929] has recently found that the 
initial heat production in crustacean nerve is only about 2 p.c. of the 
total instead of 11 p.c. as previously reported for vertebrate nerve. 
Although there are satisfactory reasons for expecting a considerable 
difference in this ratio for the two types of nerve, it has seemed desirable 
to re-investigate this important question, and especially so because the 
present methods make possible a very much more accurate analysis than 
was formerly attainable. 

The two important instrumental improvements which have made this 
work possible are a new type of thermopile and an improved moving 
magnet galvanometer. By abandoning the older wedge design of nerve 
thermopile and patterning one after the improved muscle type, Down- 
ing and Hill [1929] have obtained marked advantages for (a) it gives 
about twice the E. M. y. per 1° C., (b) it loses heat appreciably less rapidly, 
and (c) it has a more constant ‘zero.’” All of these features are of vital 
importance in an accurate determination of the recovery heat. By in- 
creasing the zero stability random errors are appreciably minimized. 
When one considers that the heat production following a brief period of 
excitation continues for some 10 minutes, during which time the galvano- 
meter deflection must be continuously and accurately determined, the 
importance of this factor becomes strikingly apparent. The slower loss 
of heat retards the return of the galvanometer to its zero position, thus 
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making possible a more accurate control warming curve and final 
analysis. And, finally, by increasing the total thermo-electromotive 
force, it has been possible to discard thermal amplification without in- 


Be. creasing the galvanometer sensitivity to a value that involves appreciable. 


unsteadiness. 

The sensitivity required is nevertheless etait and the absence of 
unsteadiness is due to the remarkable improvements made by Downing. 
in the construction of his moving magnet galvanometers. The instrument: 
used in the present study had a sensitivity of about 4 x 10 amp., a 
period of 3 to 5 seconds and a zero stability of approximately + 2 mm. 
in the absence of violent magnetic disturbances in the immediate neigh- _ 
bourhood. Using such a galvanometer and thermopile it has been possible 
to work without the system of thermal amplification previously employed, 
and thus to avoid the time lag inherent in that method. With the ther- 
mopile directly connected to the galvanometer in these expetiments 
9 seconds’ stimulation has given deflections of as much as 125 mim. 

In order to have defleotions of such a size and to obtain more slowly 

control curve six or eight pairs of sciatic nerves from three or 
four large Hungarian frogs (R. catesbiana) were used for each experiment. 
After being carefully dissected out they were placed in a phosphate 
er's fluid for about an hour. Following this they were taken out, 
the solution was carefully removed from their surface by blotting on a 
filter paper, and they were then placed on the thetmopile side by side, 
with the central ends hanging over the up stimulating electrodes. 
e thermopile was then inserted into, 3 cover, on the inside of 
which were placed a few pieces of filter paper moistened with Ringer’s 
gad A slow stream of oxygen was passed through the vessel, and the 
whole immersed in a constant temperature bath. 

Several hours were then allowed for temperature equilibration in the 
thermopile vessel before starting the experiments. These were usually 
carried out between the hours of midnight and four in the morning and, 
whenever possible, on Saturday and Sunday nights, at which times 
magnetic disturbances from moving motors in the neighbourhood were 
at a minimum. Stimuli that were somewhat supra-maximal were de- 
livered to the nerves from a Harvard induction coil giving 140 make-and- 
break shocks per second, In each experiment a test was made to ascertain 
that the stray heat from the stimulating current was not responsible for 
more than about 1 p.c. of the observed deflection. The duration of the 
stimuli was accurately regulated to either 9, 12, or 15 seconds, and the 
galvanometer deflection was observed every 3 seconds throughout the 
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first 2 minutes and then every half-minute for the following 12 to 15 
minutes. From six to ten such complete series of readings were made on 
each set of nerves, the deflections at each time of observation were 
averaged and the results plotted to give such a deflection-time curve as 
is represented in Fig. 1, In most of the experiments there was à certain 
amount of zero drift that was not easily avoided. This was allowed for 
by drawing a straight line—shown as a broken line in the figure—from 
the origin to the curve at the farther end. 


10 


Fig. I. Galvanometer deflection resulting from a 9-second stimulus. The broken line is 
Mean of seven sete of readings. 
24˙8 C. 20. vii. 29, 


In order to analyse this corrected curve for the actual course of the 


heat production, a control curve was determined at the end of each ex- 


periment in the usual manner. Current from the inductorium was passed 
through the entire lengths of the killed nerves for 3 seconds and the 
galvanometer deflections were observed at 3-second intervals. The time 
to maximum was also determined, for the accuracy of the early part of 
the control curve is the most essential to a correct analysis. Ten such 
controls were n taken, and the average results . as in Fig. 2. 
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As the result of a 3-second heating of the nerves, the galvanometer reaches 
its maximum in about 5 seconds from the start and does not return to 
its zero position in less than 1} to 2 minutes, thus giving a curve which 
makes possible a fairly accurate analysis. In the base of those analyses 
employing a time unit longer than 3 seconds, a control heating curve for 
a corresponding time is required. Thus, in the analysis shown in Fig. 4, 
15-second units have been employed, necessitating a control curve re- 
sulting from a 15-second heating. This was constructed by combining 


0 


Fig. 2. A. Deflection-time curve resulting from a 3-second control heating. Mean of twelve 
series of readings. B. Early portion of deflection-time curve due to 12-second stimulus 
of same nerves. Mean of eleven series. 24:2°C, 24. vii. 29. 


five $-second controls assumed to start at O, 3, 6, 9 and 12 seconds. The 
use of this method saves the labour of experimentally determining con- 
trols for the various time units of analysis employed, 

The method of analysis closely follows that employed by Hill [1929]. 
From the smooth curve drawn through the mean of the observed 
galvanometer deflections for the stimulated nerves are taken values at 
intervals corresponding to the time unit of analysis. These values are 
then analysed for the actual course of the live heat production by the 
use of the control heating deflections at corresponding times. Thus the 
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analysis represented in Fig, 3 has been obtained as follows from the curves 
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Fig. 3. Analysis of curve B of Fig. 2 in 3-second units to show course of heat production 
during and immediately after the 12-second stimulus. Broken line indicates.rate of 
recovery heat production. Heat produced in each 3 seconds represented as a block for 
that interval. 24.2 C. 24. vii. 29. 


The prooedure has been to assume that in each time interval an amount 
of heat is produced equal to such a fraction of that required to give the 
control deflection as is represented by the ratio of the live heat deflection 
at that time to the control deflection at the end of the first time unit. In 
order to determine the ordinates of the curve representing the remaining 
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heat production, the original deflection curve is reduced by subtracting 
the proper fraction of the control heating deflection curve. The values 
of the several ratios represent in arbitrary units the heat production i in 
each time interval and are plotted as blocks in Fig. 3. 

As in the above example the analysis of the first few minutes has been 
carried out by units which are less than the duration of the period of 
stimulation in order to show the course of the heat production during 


0 
Minutes 


Fig. 4 in of the rate of heat prodsction resulting from 

15. second stimulus. Heat produced in each 15-second period shown as a block for that 
interval. First block contains both initial and recovery heat; others recovery only. 
19°C. 30. vii. 29. 


and immediately after the stimulus. The figure clearly shows the pro- 
gressive increase in rate of heat production during the stimulation period 
and the sharp drop immediately following the end of stimulation. The 
initial rise is obviously due to the fact that the second unit contains 
recovery heat resulting from the activity of the first 3 seconds as well as 
its own initial heat, the third unit contains recovery heat from the 
activity of both the first and second 3 seconds, and so on. The rapid drop 
following the end of stimulation comes as a result of the cessation of 
initial heat production. | 


™ 2 * * 
12 „ 
8 
Pax * 
ies 
| 
a 
. 
2 400 * 
G 
1 
7 
8 
* 
; 
a 
i | 
, 
& 
1 
3 
2 
* 
* 
* 
2¢ 
‘ 7 


142 a | D. F. BROWE. 


The subsequent course of the recovery phase is better shown by such 
an analysis as that represented in Fig. 4, which is carried through for 
the entire period of heat production. In order to reduce the labour of 
computation these complete analyses have been made in longer intervals, 
which were usually equal to the duration of the stimulus, The extreme 
regularity of the analysis given in this figure is characteristic of all the 
series, and constitutes good evidence for the accuracy of the experiments 
and the satisfactory nature of the method of analysis. It will be seen that 
the rate of recovery heat production is a maximum at the end of stimula- 
tion and then gradually decreases, more and more slowly, for a period 
of some 7 to 11 minutes. 

The duration of this period of recovery heat production is, of course, 
dependent upon the temperature. Although no specific study of this point 
was made, a number of the experiments were made by chance at quite 
different temperatures and, therefore, give some information regarding 
the influence of this factor. The interval has been determined that elapsed 
between the stimulus and the time when the rate of heat production had 
fallen to about 1 p.c. of the maximum rate of recovery heat production. 
In three experiments at a temperature of 19° C. this interval was 11-0, 
11-0 and 10-7 minutes, whereas in other experiments at a temperature 
of between 24 and 25° C., the intervals were 6-0, 9-0 and 8-2 minutes. 
The mean for 19°C. is, therefore, 10.9 minutes and for 24-25 C. is 
7-7 minutes, 

The sharp division between initial and recovery heat production is 
strikingly apparent in both Fig. 3 and Fig. 4. In order to determine the 
relative amounts of heat to be allotted to each of the two phases, the 
following procedure was employed. The total area of all the blocks for 
the entire period of heat production has been determined and represents 
the total heat. Such analyses as that represented in Fig. 3 indicate that 
the increase in rate of recovery heat production during the period of 
stimulation is presumably linear with time. In those analyses in which 
the unit of analysis is equal to the period of stimulation one can, therefore, 
take half the second block as the recovery heat evolved during the period 
of stimulation. Subtracting this from the area of the first block gives the 
initial heat. Obviously the difference between the latter and the total 
heat gives the heat associated with the recovery process. The ratio of 
the initial heat to the total heat and to the recovery heat is given for 
each experiment in the following table. 

The value of 8-9 p.c. for the ratio of initial to total heat given by these 
experiments is to be compared with the earlier value of “about 11 p. c.“ 


* 
he 
4 
i 
ad 
4 
* 
2 
* 
* 
4 
¥ 
* 
* 
E 
5 
> 
: 
— 


INITIAL AND RECOVERY NERVE HEAT. 143 


Duration 
2 5 Temperature of stimulus Initial heat in Initial heat 
in 
. Date in °C, in seconds p. c. of recovery pic. of total 
17. vii. 29 24-0 9 10-2 9-2 
20. vii. 29 24-5 9-4 8-5 
4 24. vii. 29 24-2 12 9-5 8-7 
; 28. vii. 29 19-0 12 9-5 8-6 
' 29. vii. 29 19-0 12 11-2 10-0 
a 30. vii. 29 19-0 15 10-9 9-8 
Mean 9-8 8-9 


reported by Downing, Gerard and Hill [1926] and by Gerard [1927]. 
Considering the fact that the earlier work was done with less satisfactory 
apparatus and the value was obtained by comparing the area of the 
control curve with the nerve heat deflection curve instead of by the more 
elaborate analyses carried out in the present experiments, the agreement 
is good. Compared, however, with the value of 2-25 p.c. for crustacean 
nerve, the divergence is still large. Probable reasons for this difference 
have been suggested in the paper by Hill [1929]. 

The earlier value of 11 p.c. for the ratio of initial to recovery heat 
did not exclude the possibility of a lactic acid mechanism in the process 
of nervous conduction. This view, which was strengthened by the know- 
ledge of the ready formation of lactic acid in the central nervous system, 
would have been possible “if one assumed that the whole of the lactic 
1 acid formed initially were oxidized in recovery, in which case the ratio 
would be 385/3836 = 10 p. 0.“ As regards crustacean nerve such a possi- 
bility was definitely ruled out by Hill's finding that the ratio of initial 
to recovery heat was 2˙25 p. 0. The present work makes the conclusion 
definite for vertebrate nerve as well, and would seem finally to rule out 
the possibility of a lactic acid mechanism. 


SuMMARY. 


1. Recent improvements in thermopile and galvanometer design have 

been employed in a determination of the course of the heat production of 
frog’s nerve. Many of the essential findings of the earlier workers have 
been in large part confirmed. 
. 2. An analysis of the course of the heat production resulting from a 
9 to 15-second stimulus shows a progressive increase in the rate of heat 
production during the period of stimulation. This is the sum of the heat 
associated with the conduction process and that accompanying the re- 
covery therefrom. | 

3. The recovery heat production is at a maximum rate immediately 
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following the end of stimulation, and continues for some minutes at a 
decreasing rate. 

4. The duration of this recovery phase is largely dependent upon the 
temperature. At 19°C. it was about 11 minutes and at 24° to 25° C. 
about 7? minutes. 

5. From seven experiments comprising about seventy individual 
determinations the initial heat production has been found to be 8-9 p. 0. 
of the total. This is compared with the earlier determinations of 11 p.c. 
for frog’s nerve and Hill's recent value of 2-25 p. o. for crustacean nerve. 


I am greatly indebted to Prof. A. V. Hill for helpful advice and for 
the use of his laboratory. My thanks are also due to Mr A. C. Downing 
for much skilful assistance in the use of the galvanometer. 
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THE RELATION OF TEMPERATURE TO THE 
PULSE RATE OF THE FROG. 


By JOSEPH BARCROFT ann J. J. IZQUIERDO. 


(From the Physiological Laboratory, Cambridge.) 


THE object of the present paper was, by a comparative study of the 
temperature coefficients of the hearts of certain cold- and warm-blooded 
animals, to gain further knowledge of the point at which the nervous 
system commences to dominate the response of pulse rate to temperature 
and, if possible, to ascertain the nature of the nervous control if such 
were found to exist. It deals with the effect of temperature on the pulse 
rate of the frog. 3 

The general scheme has been to compare the effects of temperature 
on the excised heart with that on the pulse rate in the intact animal, to 
observe the difference if any, and to test whether this difference was 
due to nervous influences. 

This problem has attracted the attention of workers from time to 
time. No complete solution having been arrived at, it has been reviewed 
with each relevant advance in knowledge ortechnique. Newell Martin’s 
heart-lung preparation (1883) showed that, freed from both the vagus 
and the sympathetic, the heart rate increased on warming and decreased 
on cooling, whilst G. N. Stewart [1892] believed the vagus activity to 
be reduced at lower temperatures. Cyon [1874] reported that warming 
the brain slowed the heart. 

Langendorff [1895] carried Newell Martin’s work to fruition by 
his elimination of the lung from Martin’s preparation and its replace- 
ment by an artificial system for the aeration of the blood, thus pro- 
ducing the “excised mammalian heart.” Langendorff showed that in 
the excised heart the rate of increment of frequency rose when the organ 
was warmed above the normal body temperature, and decreased when 
cooled below that level. Knowlton and Starling [1912], in their 
mammalian heart-lung preparation, showed that within certain limits 
the heart rate was nearly a linear function of the temperature. 
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Since the work of van’t Hoff and of Arrhenius interest has centred 
largely i in e the frequency of the heart followed the equation 
4. 25 
K, = Koe? 


in which equation 7, and 7, are two 5 recorded on the Kelvin 
scale, Ky being the trequency of the heart at T, Ki at TI and p is a 
constant. 

It has been shown by Krogh [1916] that, in the metabolism of the 
body, there is a falling-off of the value of the temperature coefficient 
(Oio) as the temperature rises, and Clark [1927] has given figures which 
show the same thing for the excised frog’s heart. Crozier [1926] and his 
pupils have carried out very detailed researches on many animal tissues 
which lead them to the view that the alteration in Oio is not a gradual 
affair, and that such a curve as that given by Clark is in reality made 
up of two or more straight lines, which either may be at different in- 
clinations or may be parallel. Crozier's paper [1926] gives an account 
of this literature, 

THE EXCISED HEART. 


In making measurements of the temperature coefficient of the 3 
frog’s heart, the difficulty at first presented itself that, if the temperature 
were lowered and then raised, the number of beats being noted the whole 
time, the curve relating the frequency to the temperature was not the 
same on the downward as on the upward grade. We, therefore, sought 
in the literature for some record of an experiment in which, at a constant 
temperature, the frequency remained constant over a considerable period 
of time; this on the heart we failed to find, though on the rate of 
respiration of the grasshopper, etc., such data exist as shown by Crozier 
and Stier [1924 a]. 

A preliminary research was undertaken in order to study the con- 
ditions necessary to maintain the beat of the sinus at a constant rate 
over a long time. The results of the research have been given by one of 
us in a previous paper. The methods and precautions described have 
been used in the present work to insure that, over the whole period of 
one experiment, the rate of beat would not vary by more than three or 
four beats as the result of chance occurrences. 

We have carried out two sets of experiments, one in December and 
January, the other in July!. They gave different results. Future experi- 


1 These results have been confirmed by N. B. Taylor in June 1930, as shown in a 
subsequent paper [1931]. 
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ment may show whether the difference is really seasonal, or whether it 
was in some way accidental. Crozier and Stier found seasonal varia- 
tions in the temperature coefficient of the heart of Limaz [1924 bl. We 
will first deseribe the experiments carried out in winter. 
The effect of alteration of temperature on the hearts of frogs 
investigated during the winter. 

Apparatus and experimental errors. | | 

The types of apparatus used in the above and following experiments 


were those described in a previous paper for the observation of excised 
hearts in about 50 c.c. of saline solution [1930]. 
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Fig. 1. Isolated frog's heart, 26 (winter series). The relation of the beats to temperature, 
as in the others, was investigated only when the steady state had been established. 


Circles, coming down; crosses, going up; squares, coming down a second time. 

A typical curve of the effect of temperature on the beat of the frog’s 
heart, so far as reproductibility of heart rate at any given temperat 
is concerned, is shown in Fig. 1. The first observation was made at 8. 
The cireles show the measurements going down the curve at gradually 
decreasing temperatures until 4° C. was reached. The crosses show the 
points on the gradual subsequent ascent, and the squares on a second 
descent. The whole time taken for the portion of the experiment shown 
was 3 hours and 39 minutes, the time between the circle at 19-0° and 
the cross at 18-5° C. was 3 hours; between that cross and the square at 
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183° was 39 minutes. Thus the combined effect of the reversals of tem- 

perature over a range from 19° to 4° C. and of the causes incidental 

to a lapse of time of more than 3} hours did not produce an alteration 

of more than four beats in the measurement at any one temperature, 

thirty-three measurements in all being made during the experiment. 
Temp. °C, 


0 10 20 
1 1 


16 


95 


003609 2 00340 
abs. 

Fig. 2. The data in Fig. 1 with the frequency plotted logarithmically. The areas repre- 
sent the known experimental error. Open areas, cooling; black areas, subsequent 
heating; chequered areas, cooling the second time. | 

The experimental error when the points are plotted logarithmically is 

shown in Fig. 2. The experiment is the same as that shown in Fig. 1. 

Results, | 


1. The first series of experiments to which we shall allude refers to 
temperatures between 5° and 20°C. When plotted with the logarithm 
of the frequency against the reciprocal of the absolute temperature the 
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points of each experiment fall approximately on a straight line, but it 
is clear that the slope of the anes is different in different cases. eae 


Temperature coefficient 


58 


200 
2958 
2˙63 
2˙40 
214° 
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The increased accuracy which we believe we have ed has not 
introduced uniformity into the results. The experiments conform to those 
of former workers [Crozier, 1926], who found that the value of the 
coefficient varies between 2 and 3. 

Fig. 3 shows the results of a single experiment, No. 25, and on it also 
have been placed the lines corresponding to other observations, the 
number and standard of aecuracy of the individual observations being 
of the same character as those plotted. 

2. The following frogs’ hearts have been observed at various periods 
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between the second and thirty-fifth hour after excision. The temperature 
coefficient of the pulse rate is seen to vary considerably. 


(5°-15° C.). 
Frog 2-3 hr. 11 hr. 24 br. 35 hr. 
A 2-6 3-2 2-6 2˙1 
B 2-7 2-7 3-0 — 
0 2˙8 3-5 3-2 — 
D 3-4 2-5 2-7 2-3 
E 3-2 2-8 2-2 3-0 
F 2-5 2-2 2-1 2-8 
0 2-6 2-4 2-9 
H 7 2˙5 2˙6 — 
Over higher ranges of temperature the coefficient either becomes less, as has been 
by others, or remains sensibly unchanged. 
Frog 01 (5°-15° C.) O (17-27 C.) 
29 230 1-55 
56 2-20 2-20 
55 2-19 1-83 
54 2-70 1-82 


sbove observations the cure i within Limite shown in tracing 
1s paper. 


In the above table the pace-maker of one heart (No. 56) over a range 
of about 20 degrees follows the equation of Arrhenius, but in the 
others there is the falling off of Qj, noticed by later workers. 

Temp. °C. 
10 20 28 


1/T abs, | 
Fig. 4. Isolated heart, winter series, plotted as in Fig. 2. 
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Of our cases that which gives the most unequivocal support to 
Crozier is that shown in Fig. 4. The points appear to lie on two parallel 
lines with a break at about 15°C. Looking back at Fig. 2, there is the 
suggestion of a waver at 15° C. also. 

Other experiments, which conform to other types described by 
Crozier, are shown in Fig. 5 A, B. In the latter case a smooth curve 
might alternatively be drawn through the points, but Fig. 5 A shows 
what Crozier would regard as the characteristic alteration at 15° C. in 


1/T abs, 
9849 
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1/T abe, 
5. Showing results obtained in A (isolated heart 54), 
hes and B (isolated heart 29). (Winter series.) : 
the inclination of the line. The point which seems to us remarkable is 
that in frogs we can get curves of all these types. 


The effects of temperature on the excised heart studied in the summer. 

Out of twenty-eight experiments which we have carried out on the 
hearts of eight frogs we have obtained only three curves of the type 
usually obtained with the winter frog. In the overwhelming majority 
of cases the pulse rate plotted against the temperature has been almost 
exactly a straight line. It is not suggested that the straightness of the 
line has an evident physical interpretation. 

A good example is in Fig. 6, which shows four records of a heart taken 
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at different times after excision. The lines clearly do not coincide, but 

each is nearly straight. They cover a range of temperature nn 45 

and 22.4% [. | 
| Tun HEART IN THE INTACT FROG IN WINTER. 

Although we carried out a number of experiments in winter time on 
the heart of the frog in the intact animal by the method described in a 
previous paper by one of us (Izquierdo, 1930], we were not able to 
obtain curves which were consistent with one another. In many cases 
the lines were 
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, series) at different: periods after isolation: after 3 hours (crosses); after 11 hours 


Tun 1 INTACT FROG IN SUMMER EXPERIMENTS. 

Observations made on the intact die 8 in summer gave heed con- 
results. 

Fig. 7 shows a typical record of ak an eee in a summer 
frog (June 5) the line corresponds to the mean position of those in 
Fig. 6—over more than 20°C. Six experiments were carried out, all of 
which showed much the same characteristics. Like the excised heart at 
the same period the relation of pulse rate to temperature is nearly linear. 


Frog 2° C0. 22° 0. Difference Difference per C. 
5 35 90 

7 34 26 1-3 

3 35 27 1-35 

0 9 39 30 15 
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The above, roughly, were the limits observed on healthy frogs which 
had recently been brought into the laboratory. The records in Figs. 6 
and 7 are strikingly alike, which tends to confirm the opinion that the 
heart of the intact quiescent frog is free from vagus inhibition. 

We carried out several experiments further to test the point, all 
of which gave the same result and confirmed the view that the vagus 
does not at any temperature at which we worked maintain an inhibitory 
action on the heart of the frog at rest. After testing the relation of pulse 

rate to temperature in the normal frog, atropine was administered under 
the skin of the thigh in doses which in different experiments varied from 
0-5-3 mg., our intention being to give the minimal dose which paralysed 


Temp. °C. 
Fig. 7. Heart of intact frog (summer series): O, going down; , going up. 
Line corresponds to mean position of lines in Fig. 6. 


the vagal endings. It was found that, by direct stimulation of the sinus 
after the experiment was complete, the doses in question had done so. 
In the three experiments out of seven stimulation gave acceleration. 

We purposely avoided large doses of atropine which we, in common 
with previous workers!, found to introduce complications. 

In no case did we find the relation of temperature to heart beat in 
the atropinised frog to differ from that previously found for the un- 
atropinised frog. A typical record is given in Fig. 8. 

1 Though evident alterations of the frog’s heart are only observed in 30-40 g. animals 
when 20 mg. are injected—a dose very near to the lethal one (25 mg.) [Dixon, 1920}— 
full doses are well known to slow the rhythm [Meuriot]. A dose of 3 mg. (recom- 
mended by Dixon) according to our experience is excessive for the purpose of paralysing 
the vagi. As no acceleration follows, the only safe method of testing its effectiveness is as 
described in the text. 
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SUMMARY AND CONCLUSIONS. | : 
1. The excised frog’s heart studied in winter time usually gave a 
linear relationship between the logarithm of the frequency of the sinus 
beat and the reciprocal of the absolute temperature between 5° and 
20° C. 
2. The value of O10 varied in the minority of cases, as the temperature 
rose the frequency decreased as compared with the above relationship. 
Most of these cases could be claimed by Crozier as examples of one or 
other of his patterns, but they did not all conform to the same pattern. 


40 * * * * 1 * * * * 1 * * * * 


Pulse rate, beats per min. 
8 


Temp. C. 
Fig. 8. Results obtained in Frog V (summer series), when intact (O, going down; 


O. going up), and after injection of 1 mg. atropine sulphate (O, going down; 
going up). 


3. In the intact frog in winter the results were irregular. 

4. The excised heart of the frog in summer showed a different pro- 
perty. The frequency bore a nearly linear relation to the temperature. 
5. This was true also of the heart of the intact frog. 

6. The relation of the frequency to the temperature was little, if at 
all, influenced by doses of atropine of the strength which just sufficed to 
block the vagus. Our results confirm those of observers who regard 
vagus tone as practically absent in the heart of the resting frog. 
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THE RELATION OF TEMPERATURE TO THE HEART 
RATE OF THE SOUTH AFRICAN FROG 
(XENOPUS DACTYLETHRA). 


By N. B. TAYLOR. 


(From the Physiological Laboratory, Cambridge.) 
THE experiments embodied in the present report were done as an ex- 


tension of the work of Barcroft and Izquierdo? [1931] upon the 


relation of temperature to heart rate in the English frogs (Rana tem- 
poraria and R. pipiens). Some observers have found that the curve 
relating heart rate to temperature when the latter did not rise above or 
fall below a level detrimental to the cardiac tissue, was a straight line. 
Others have maintained that the curve was of the logarithmic type, as 
it should be were the temperature-frequency relationship of the heart 
governed by a simple application of the van ’t Hoff rule. Knowlton 


and Starling [1912] found a linear relationship to exist between the 


temperature and the heart rate in the heart-lung preparation of the dog 
between 26° and 40° C., and for this reason insist that it is misleading 
to speak of a temperature coefficient of the heart since it is not the same 
within different temperature ranges. 

Barcroft and Izquierdo found that the slowing or acceleration of 
the excised heart of the English summer frog, which occurred in response 
to cooling or heating between 4° and 20° C., bore, as a rule, a roughly linear 
relationship to the temperature. 


We have carried out a similar series of experiments upon the excised 


heart of the English frog in summer. Izquierdo’s technique for the 
suspension of the heart in saline was followed with but a single modifi- 
cation, namely, instead of attaching a thread to the sinus itself, the 
pericardium was employed as a means of attachment and suspension of 
the organ. Izquierdo [1930] found that the heart increased in rate 
for a time after excision, and a steady rate was not attained until after 
the organ had been immersed in saline for 30 minutes or more. For this 
reason the temperature in our experiments was kept constant for a time 


1 The reader is referred to their paper for a review of the literature upon the subject. 
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at the level at which the frogs had been living for the previous 24 hours 
or more. Not until the rate had remained unchanged for 30 minutes or 
so was the temperature raised or lowered. At the end of this preliminary 
period, what may be taken as the experiment proper was commenced. 
The temperature was lowered gradually by the addition of ice to the 
water jacket, surrounding the heart in its saline bath. This period of 
cooling usually lasted for about 2 hours. The temperature was then 
raised gradually until a level was reached at which the heart ceased 
to beat. The frequency of beat was timed by a stop-watch, the beats 
being counted over a period of 1 minute at the higher, and for 2 minutes 


j 


Temperature, C. 
Fig. 1. Temperature - frequenoy curves plotted from experiments 


upon excised heart of British summer frogs. 


at the lower rates. The time of heating extended over a period of about 
3 hours. 

We have been able in these experiments to confirm the observations 
of Barcroft and Izquierdo with regard to the form of the temperature- 
frequency curve. The points, as may be seen from Fig. 1, which shows 
several of these curves, fall along practically straight lines. 

The hearts of the frogs collected in England cannot withstand a 
temperature much higher than 22°C. or lower than 4°C. Above or 
below this range the heart ceases to beat and, after exposure to the 
higher temperature, is usually permanently damaged and cannot be re- 
suscitated. It is, obviously, most desirable that observations should be 
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made if possible upon a heart that will function without deterioration 
when subjected to greater temperature changes, with the view of ascer- 
taining whether or not the linear form of the temperature-frequency 
curve is maintained over the wider range. Prof. Hogben suggested that 
the hearts of South African frogs (Xenopus dactylethra) would be suitable 
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Fig. 2. T ture · freq y curves from three experiments upon the 
excised heart of South African frog. +, cooling; e, heating. 


for the test, and kindly — some fifty frogs to the laboratory for 
this purpose. 


OBSERVATIONS UPON THE TEMPERATURE-FREQUENCY RELATIONSHIP 
OF THE EXCISED HEART OF THE SouTH AFRICAN FROG. 


The heart was suspended in the saline in the manner already referred 
to and the beat of the sinus counted at short intervals, while the tem- 
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perature of the bath was gradually lowered from that of the room to 
1° C. or less, and then raised again to about 33° to 35°C. The height to 
which the temperature could be raised before the heart was permanently 
damaged varied with different hearts. In most of the animals, however, 
the temperature range over which the functions of the sinus were 
apparently unimpaired was greater by some 10 or 11 degrees than when 
the English frogs were employed. It was not difficult to obtain data over 
a range of 35°C. or more, i. e. nearly double the range that was possible 
with the English species. It cannot be said, however, that the cardiac 
functions were normal toward the upper limits of this range. This series 


100, 


Frequency of sinus 


6 10 15 20 25 30 35 
Temperature, O. 

Fig. 3. Comparison of typical temperature - heart rate curves of Britih 

and South African frogs respectively. +, British; „, South African. 


of experiments was carried out over a period extending from the end of 
May to the beginning of July. Fig. 2 shows temperature-frequency 
curves drawn from data furnished by three of these experiments. In 
Fig. 3, the curves of the English and South African frogs are given for 
comparison. 

Between 1° or 2° and about 28-5° C. the graphs, as may be seen, are 
practically straight. When the temperature had reached a certain level 
a slackening in the rate occurred. This was an invariable phenomenon. 
The point at which the slowing appeared varied within a comparatively 
narrow range in the different experiments. The lowest temperature at 
which it was observed was 28-5° C. and the highest 31-6° C. The effect of 
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higher temperatures upon the heart's frequency is shown by the sharp 
fall in the curves in Fig. 2. In some instances there was a plateau ex- 
tending over 3 or 4 degrees at this critical temperature. 

When the temperature is raised higher still the rate accelerates again 
and is found to attain a speed of from 95 to 106 beats per minute. The 
temperature at which the heart commences to race in this way covers a 
comparatively narrow range. The lowest temperature at which it ap- 
peared in the several experiments was 31:5° C. and the highest 35-2° C. 
Cessation of the heart almost immediately follows any rise above that 
temperature at which the phase of rapid beating made its appearance; 


indeed, death of the heart soon occurs even if this temperature is main- | 


tained for any length of time. When the heart has stopped as a result 
of the excessive temperature it can sometimes be revived by cooling 


| During the phase of acceleration the electrocardiograms, obtained by 

Gg placing a silver wire electrode above and below the sinus, strongly 
suggest the establishment of a circus movement. The rapid heating is 

4 heralded by double beats, and later by tripling or short runs of extra 
9 systoles. Whatever may be the explanation of these alterations in rate 

at higher temperatures, the events themselves are indisputable. For the 

sake of clearness only three of the curves have been reproduced, but in 

all the experiments of this series the curves are almost identical in form 

and practically superimposable. : 


Tux EFFECT OF TEMPERATURE UPON THE RATE OF THE HEART 
IN THE INTACT SouTH AFRICAN FROG. 

Considerable interest has been directed to the problem concerning 
the extent to which the inherent property of the heart to respond to 
temperature changes is governed or modified in the intact animal by 
nervous influences or other body functions. A simple linear relationship 
between temperature and heart rate is not of course to be expected, and 
we have found that the curves are more complex. 

In this series of experiments the animal was immobilized by being 
bandaged to a small wooden frame. It was immersed in a bath, and the 
temperature of this was gradually lowered by the addition of ice or 
raised by heating with a gas flame one end of a copper plate, the other 
end of the copper being submersed in the water. 

The heart rate was recorded electrocardiographically. Two inches or 
so of the bulbous ends of two silver probes were used for electrodes. 
One of these was passed through the anus high up into the bowels, the 
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other into the esophagus. Since the heart of the South African frog is 
situated in the mid-line of the chest with its long axis coinciding practi- 
cally with the long axis of the body, this position of the electrodes 
corresponds to lead II or axial lead, employed in mammals. In some of 
the animals there was, apparently, a region of very high resistance lying 
somewhere between the two electrodes, and it was found that when the 
lower electrode was inserted through a small incision beneath the skin 
at the lower margin of the chest, much better records were procured. 
In frogs so immobilized the heart rate does not remain constant at 
constant temperature, but falls off about one beat per hour, sometimes 


3 wore. If, therefore, the frog is first cooled and then heated, the curves 
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Fig. 4. Curves obtained from experiments upon intact heart of South African frog. 
Temperatures recorded by means of thermocouple in the bowel. 


relating frequency to temperature diverge at the higher temperatures. 
The body temperature was recorded by means of a thermocouple, sealed 
within a large serum needle, the pointed end of which was rounded off. 
This instrument was inserted through the anus and passed for a distance 
of about 5 or 6 cm. up the bowel so that its tip, and consequently the 
thermoelectric junction itself lay not far below the lower limit of the 
heart. It was thought that by such an arrangement the temperature of 
the heart could be determined with a negligible error. ay 

The temperature-frequency curves of the intact heart were found to 
present two eminences (Fig. 4). The first of these covers a temperature 
range of from 10 to 20 degrees, and has its highest point corresponding 
to a temperature of about 15° or 16° C. The second peak is usually more 
abrupt and, commencing at a temperature of from 22° to 26° C., rises 
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rapidly to a maximum and then falls away as quickly to a low level. 
This abrupt decline in the curve occurs at nearly the same temperature 
as the pronounced slowing of the rate of the excised heart, already re- 
ferred to, makes its appearance. The heart invariably ceased to beat at 
the end of the period of slowing. Further elevation of the temperature 
never caused acceleration, as it did in the case of the isolated heart. 
On the other hand, a paradoxical quickening of the beat was several 
times observed when, during this phase of reduced frequency, the bath 
temperature was lowered again. 

The general form of the temperature-frequency curves in all the 
experiments of the series was essentially the same, and seven animals 
were examined in this way. Nevertheless, the unusual characteristics of 
the curves constituted a challenge to the accuracy of the method em- 
ployed for recording the temperatures. It was thought possible, for 
instance, that the blood returning to the heart from the skin, since it 
would be sooner cooled or warmed by corresponding alterations in the 
temperature of the bath, might cause the heart temperature to be appre- 
ciably different from that of the bowel wherein the thermocouple had 
been placed. It may be mentioned in this connection that the rectal 
temperature of the marmot is known to be from 1° to 2 C., and under 
certain circumstances, 15° C. lower than that of the heart. 

The possibility of the unevenness in the curves being due to causes 
of the nature just mentioned made it necessary that the bowel and heart 
temperatures should be recorded independently and compared with one 
another. For this purpose a thermocouple constituted of very fine copper 
and constantin wires (gauge 40) was placed unsheathed within the 
ventricle and registrations made simultaneously from it and a similar 
instrument (sheathed) placed high up within the bowel. The frog was 


anesthetized and the chest and upper abdomen opened. The unsheathed 


thermocouple was attached to a fine curved needle by means of a cotton 
thread and drawn into the ventricle. After being pushed well up towards 
the sinus the needle was removed and the thermocouple tied in position 
by means of the attached thread. The chest and abdomen were again 
closed by sutures. Very little bleeding from the heart was occasioned by 
this operation and the heart beat apparently normally for several hours 
afterwards. The anal thermocouple was then inserted and the frog placed 
in the bath. The temperature of this was gradually lowered and then 
raised as in the previous experiments, while simultaneous readings were 
made from the two instruments at frequent intervals. Fig. 5 shows 
graphs constructed from data obtained in this way. The bowel tempera- 
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ture always lagged by a half to two degrees, depending upon the rate of 
heating or cooling, behind the heart temperature. Though the bath tem- 
perature was altered very slowly a disparity always existed between the 
temperatures of the two regions. The reason for this seemed to be simply 
a matter of heat conduction; the heart is placed very superficially and 
as a consequence its temperature is more quickly influenced by changes 
in the temperature of the bath-water than the more deeply buried 
abdominal organs. 
The graphs, however, run approximately parallel. It was concluded, 
therefore, that though the actual temperature of the heart had not been 
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recorded in the previous experiments, nevertheless, the temperature as 
registered by the bowel thermocouple must have borne a fairly constant 
relationship to the heart temperature, and consequently the form of the 
curves as drawn from the data secured by these experiments must re- 
present true events. It was considered advisable, notwithstanding, to 
repeat the experiments and to register the heart temperatures directly 
by means of a thermocouple within the ventricle. When the data ob- 
tained from these later experiments were charted, the curves were found 
to agree closely with those of the original series. These curves are shown 
in Fig. 6. The chief characteristics, namely, the two elevations—one in 
the middle and the other toward the end are clearly seen. 

The departure of the temperature-frequency curve of the intact heart 
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from the linear form characteristic of the excised heart must arouse 
enquiry into its cause. Several possible explanations suggest themselves. 
It might be due, for instance, to a rather sudden alteration in vagal tone, 
or of augmentor tone, or of both together acting in a reciprocal fashion. 
Again, it might be the result of the liberation of adrenaline into the 
blood stream. The terminal decline in the curve is very probably due to 
causes similar in nature to those which caused slowing of the excised 
heart at about the same temperature. 

If variations in vagal tone be responsible for the unevenness of the 
curve, then the administration of atropine should abolish this effect and 
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Fig. 6. T y curves of intact heart of South African frog. 


level the curve to the simple linear form. Barcroft and Izquierdo 
found that atropine had no effect upon the heart rate of the English 
frog, and concluded as a result of this that the vagus of this species 
possessed no tonic action. Indeed, it is generally stated that the am- 
phibian heart is not under tonic vagal control [see Clark, 1927]. It 
was therefore not expected that the administration of atropine to the 
South African frogs would alter the form of the curve. The possibility, 
nevertheless, was put to the test of experiment. Though the curves were 
found to be of the same general shape as in the unatropinized animal, 
the inclination is considerably steeper. The first elevation (Fig. 7) rather 
than being flattened out is on the contrary more pronounced than in 
most of the curves of the unatropinized animal. The other possibilities, 
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namely, the liberation of adrenaline or alterations in augmentor tone 
have not been investigated. 


THE EFFECT OF ATROPINE UPON THE HEART RATE OF THE 
Soutn AFRICAN FROG. 


Though the effect of atropinization, so far as the general contour of 
the temperature-frequency curves of the heart is concerned, proved 
negative, the drug, nevertheless, was found to cause a very decided 
acceleration of the hearts of these animals. Barcroft and Izquierdo 
found that the dose necessary to paralyse the vagus of the English frog, 
which weighs about 25-30 g., was 0-5 mg. The South African frogs weigh 
about 75g. Calculating the dosage upon a weight basis 1-5 mg. of 
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26 
Fig. 7. of heart of South Aftian fog, 
after atropinization. +, cooling; , heating. 


atropine were given subcutaneously. The frog remained in air and the 
room temperature was kept practically constant throughout the experi- 
ment. The animal was bandaged upon a frame, and the drug was not 
injected until the heart had been beating at a steady rate for an hour 
or so. A thermometer was kept in contact with the skin of the abdomen 
and the temperature read at intervals. The temperature of the animal 
recorded in this way, and which was practically that of the room, varied 
in different experiments from 16° to 18° C. 

Within from 6 to 7 minutes a very pronounced acceleration of the 
rate occurred?. The acceleration appeared quite suddenly at this time, 


1 Experiments shortly to be described by Ivanitzki and Vasselenko show that 
atropine in such small doses does not accelerate the excised heart in Xenopus. 
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when the rate was usually more than doubled. A few minutes later the 
frequency was trebled or quadrupled. This high degree of acceleration 
was maintained, throughout the entire period of observation which in 
some experiments lasted for 9 hours or more. As little as 0-12 mg., which 
was the smallest dose employed, produced just as great an effect. Control 
experiments in which distilled water equal in quantity to the atropine 
solution was injected were performed, but no increase in heart rate 
resulted. 

Examination of the electrocardiograms taken in these ie 
revealed the fact that the increase in rate was brought about chiefly, if 
not almost entirely, by the shortening of the diastolic period (T-R 


Time in seconds 


Mig. 8 Electrocardiogram showing effect of atropine upon the heart rate of South African 
. frog. atropine sulph. B. 
after injection. 


interval). The length of the ventricular complex (R-T interval) was 
scarcely at all curtailed (Fig. 8). To cite an example: 

Before the administration of atropine the rate of the heart was 9 per 
minute. The length of ventricular systole as measured by the R-T 
interval was 1-5 sec., while diastole was 6-5 sec.! Twelve minutes after 
the injection of the drug the rate had increased to 24 per minute. The 
length of systole was unchanged at 1-5 sec., whereas diastole was now 


It should be pointed out that in several of these experiments the initial rate was 
lower than was encountered in previous experiments upon these frogs, and it was in those 
with the slowest rates to start with that the greatest response to atropine was observed. 
It is possible, therefore, that the long preliminary period of immobilization which was 
employed in these experiments in order to establish a steady rate of beat had the effect 
of increasing the tone of the vagus. 
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only 1-3 sec. in duration. Predominant shortening of the diastolic period 
as the heart rate increases is generally accepted as a reliable criterion of 
the release of vagal tone (see Reid Hunt). When the rate of the heart 
is increased by a rise in temperature both the diastolic and systolic 
periods are shortened to about an equal extent. 

Several experiments were performed for the purpose of determining 
the effect of atropinization upon the heart rate after this had been 
reduced to about 3 per minute by cooling the animal to 1°C. Atropine 
under these circumstances caused no acceleration of the beat so long as 
the low temperature was maintained. But upon removing the animal 
from the bath and allowing it to reach the temperature of the room 
(17° C.) the drug exercised its usual effect. The heart beat at from two to 
three times the rate at which it had been beating prior to the period of 
The failure of atropine to accelerate the heart so long as the tem- 
perature was very low, suggested that the low temperature had itself 
abolished vagal tone and that this action then was probably a protective 
measure to prevent undue slowing of the beat by low temperatures. If 


this were true one would expect that at high temperatures maximal vagal 
tone would be established in an attempt to hold the heart in check. 


| Consequently atropine should produce an exaggerated effect. It was 
found on the contrary that the drug was without any effect whatever 
when this had been increased by raising the temperature of the animal 
to 24°C. It would appear therefore that in these frogs vagal tone is 


exercised within a certain temperature range—the precise limits of this 
were not determined. Vagal tone is absent, e at very low or at 
unusually high temperatures. 


CoNcLUSIONS. 


1. Observations on the excised heart of the common frog confirm 
the statement that the sinus rate bears a roughly linear relation to the 
temperature when the tests are carried out in summer. 

2. In the South African frog the same is true up to about 27°C. 
Above that temperature there is a slight slowing, followed at about 
33° C. by a sudden and great acceleration. The couse of the slowing is 
obscure. That of the acceleration appears to be a “circus movement.” 

3. In the intact South African frog there are usually two summits 
on the curve relating the heart rate to the temperature. The first is at 
about 12-14 C., the second at about 25° C. 
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4. The heart of the South African frog is subject to vagal tone at 
temperatures which are neither very high nor very low—a fact which 
may in part account for the drop in pulse rate between 12 and 16° C.— 
a phenomenon which is not noticed in the British frog in which vagus 
tone appears to be absent. 


Barcroft and Izquierdo (1931). J. Physiol. 71, 145. 

Clark (1927). Comparative Physiology of the Heart, ie 86. Cambridge. 
Izquierdo (1930). J. Physiol. 68, 363. 

Knowlton and Starling (1912). J. Physiol. 44, 206 
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AN ANALYSIS OF THE EFFECT OF COCAINE ON 
THE ACTIONS OF ADRENALINE AND TYRAMINE. 


5 Br J. H. BURN Aup M. L. TAINTER. 


f Great Britain.) 


_ Tue work described in this paper consists of an attempt to analyse the 
} paradoxical effect of cocaine on the pressor actions of adrenaline and 
tyramine. Since the work of Dale and Dixon [1909] the view has been 
widely held that the action of tyramine differs only quantitatively from 
that of adrenaline. Fröhlich and Loewi [1910], however, showed that 
the pressor action of a given dose of adrenaline was increased by cocaine, 
while one of us, working with Chang [Tainter and Chang, 1926], 
showed that the pressor action of tyramine was usually abolished and 
always diminished by cocaine. The paradox then consists in the fact 
that of two substances, the actions of which are supposed to differ only 
| in degree, one is augmented by cocaine and the other is inhibited. We 
do not propose to review the literature, as this has recently been done 
: buy one of us [Burn, 1930] in a paper in which the cardio-vascular action 
olf tyramine was re-examined, This examination showed that in the 

| heart-lung preparation tyramine acted as would be expected from the 
description of Dale and Dixon, but that on the vessels of the perfused 

hind limb it acted differently. The constrictor effect of tyramine was 
found to be very slight and to be complicated by a dilator action 
when larger doses were used. Since this dilator action was not seen in 
the cat, but only in the dog, it was suggested that the dilator effect was 
exerted on that part of the vessels on which histamine exerts a similar 
action. Further it was found that the constrictor effect of a small dose 
of tyramine was greatly enhanced by adding adrenaline to the circulation. 
ge It was evident, therefore, that so far as the blood vessels were con- 
cerned, the view that tyramine and adrenaline differ only in degree 
5 required modification, and it was possible that the paradoxical action 
could be explained by this qualitative difference in vascular action. 
Accordingly, we began our investigation by experiments on the heart- 
lung preparation of the dog, in which no such qualitative difference in 
PH. LXXI. 12 
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the action of the two substances exists, to discover whether the cocaine 
paradox could there be seen. 


EXPERIMENTAL OBSERVATIONS. 


(1) The heart-lung preparation. 

The heart-lung preparation of the dog was made ready in the usual 
way, the pericardium was removed, the heart was enclosed in a cardio- 
meter, and a record of the volume changes was obtained with a piston 
recorder. In Fig. 1 is a record which shows an initial 1 response to 0-1 mg. 


Fig. 1. Heart-lung preparation of the dog. Upper tracing shows volume of heart. Note 
the diminution in the volume of the heart produced by 0-09 mg. tyramine. 5 mg. 
cocaine hydrochloride were then added to the venous reservoir, and 5 minutes later 


0-002 mg. adrenaline had its usual effect. 


tyramine (0-15 mg. tyramine acid phosphate). 5 mg. of cocaine hydro- 
chloride were then added to the blood in the venous reservoir, and after 
allowing time for the cocaine to be distributed throughout the circula- 
tion, the injection of tyramine was repeated. The record shows that it 
produced only a trace of diminution in the heart volume, while a subse- 
quent injection of 0-002 mg. adrenaline had its usual result, This experi- 
ment is evidence that in the presence of a small concentration of cocaine 
in the circulating blood, about 1 in 100,000, the effect of tyramine is 
abolished, while that of adrenaline is of the usual magnitude. 
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\ In Fig. 2 is a record of another experiment in which it was found that 

_ the adrenaline effect was increased, like the pressor action on the blood- 
pressure. The record shows that the diminution of volume produced by 
0-002 mg. adrenaline was greater both in magnitude and duration after 
the addition of cocaine to the system, than it was in response to the same 

dose before. The two figures, therefore, demonstrate that the complete 
paradox of an increased adrenaline effect and of an abolished tyramine 

ofleot can be reproduced in the heart-lung preparation, and we have 
observed both effects in the same experiment. This action of cocaine is, 
therefore, exerted on other tissues besides the vessels, and its action on 


Fig. 2. Showing the augmentation of the effect of adrenaline (0-002 mg.) in the heart- 
lung preparation by the addition of 5 mg. cocaine to the venous reservoir. _ 


the heart clarifies the picture. For while a substance which constricts 
the walls of the arteries may act either on the sympathetic nerve endings — 
or on the muscle, it is difficult to suggest that the action of tyramine 
on the heart is anything but a sympathomimetic action. It is true that, 
as Bodo [1928] showed, large doses of caffeine, such as 0-1 g., will pro- 
duce a transitory and small diminution of the cardiac volume, but the 
recognized stimulants of cardiac muscle such as digitalis and strophan- 
thus have no effect similar to that of tyramine, and its action clearly 
resembles that of adrenaline. We see, then, that on the heart cocaine 
i increases the action of one sympathetic stimulant and abolishes that 
of another. 

We have also investigated the action of ephedrine in the heart-lung 

12—2 
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preparation and the effect of cocaine upon it. The statement of De Eds 
[1927] and Tainter [1929 a] that cocaine abolishes the pressor action 
of ephedrine was questioned by Chen [1928] and our experiments 
afforded an opportunity of obtaining further information. In Fig. 3 is 
shown the effect on the volume of the heart of an injection of 0-1 mg. 
ephedrine. It was observed that after an initial diminution, like that 
produced by adrenaline or tyramine, there followed a gradual increase 
which was maintained, so that the heart worked less efficiently than before. 


Fig. 3. Showing the effect of 0-1 mg. ephedrine on the volume of the heart in the heart- 
lung preparation. Note the diminution of volume, the diminution in amplitude and 
the final increase in volume up to the level shown on the right. Note the diminished 
effect of 0-002 mg. adrenaline after the ephedrine. 3 


Moreover, as is shown in Fig. 3, a second injection of adrenaline after 
the ephedrine produced a much smaller response than one which was 
given before. When 4 mg. of cocaine, added to the venous reservoir, 
were allowed to circulate in the blood, a further injection of 0-1 mg. 
ephedrine was then without effect upon the cardiac volume. We have 
not shown this in the figure, however, because it might be argued that 
the absence of effect was due, not to the presence of cocaine, but to the 
previous injection of ephedrine. It is well known that the pressor action 
of a second injection is much less than that of the first. In another 
experiment, however, we added cocaine to the circulating blood before 
injecting the ephedrine, and when the injection was made it was once 
more without the slightest effect (see Fig. 4). So far as the action on 
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the heart is concerned, therefore, we think it indiaputeble that the 


a 8 action of ephedrine, like that of tyramine, is abolished by cocaine. 


(2) Action on the vessels. | 

(a) Plethysmograph experiments. The observations [B urn, 1930] to 
which reference has already been made, showing that tyramine has some 
dilator action resembling that of histamine, are recalled by plethysmo- 
graph records which we have now obtained in studying the effect of 
cocaine on the response to tyramine of the cat’s hind limb. The cats 


Fig. 4. Heart-lung preparation. Showing the absence of effect to a first injection of 
0-1 mg. ephedrine when 5 mg. cocaine were previously added to the venous reservoir. 
The figure shows that 0-1 mg. tyramine is also ineffective, while 2y adrenaline have 
the usual action. 


were prepared by removing the suprarenal glands under ether anesthesia, 

and removing the intestines, stomach and kidneys, so that the liver was 
also excluded from the circulation. Both the sciatic and anterior crural 
nerves to one hind leg were then cut, and, after division of the spinal 
cord under the second cervical vertebra, the brain was destroyed. 
A plethysmograph record of the hind limb was obtained with a piston 
recorder. The effects of injections of tyramine were observed before and 
shortly after the intravenous injection of 15 mg. cocaine given in three 


successive doses of 5 mg. each. The injections of tyramine before cocaine 


was given had a pressor effect, accompanied by a varying amount of 
constriction of the hind limb. The injections of tyramine after cocaine — 
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was given, being much larger doses, were also usually pressor, but were 
usually accompanied by a dilatation of the hind limb. Little significance 
was attached to this dilatation, as it appeared to be a passive change 
due to the rise in blood-pressure, until in one experiment it was found 
that a similar dilatation was accompanied by a fall in blood-pressure. 
The observation which was repeated in that animal is shown in Fig. 5, 


and both the change in blood-pressure and in limb volume closely re- 


semble the effect of an injection of a small dose of histamine. We see 


Fig. 5. Showing the uncovering by cocaine of a dilator effect of tyramine in the hind limb 
of the cat. Brain destroyed, spinal cord cut, intestines and stomach removed, supra- 
renals and kidneys removed. Nerves to leg cut. The pressor and constrictor response 
to 2:7 mg. tyramine is shown on the left, and a depressor and dilator response to 
9 mg. tyramine is shown on the right after the injection of 15 mg. cocaine. 


then that part of the action of cocaine on the pressor effect of tyramine 


consists in a paralysis of the constrictor action, so that the weak dilator _ 


effect comes to light. 

(6) Perfusion experiments with the Dale-Schuster pump. The effect 
of cocaine has further been studied on the constrictor action of adre- 
naline, tyramine and of ephedrine in the hind legs of the dog perfused 
with defibrinated blood by the Dale-Schuster pump [Dale and 
Schuster, 1928]. | 

An increase of the constrictor action of adrenaline by the addition 
of cocaine to the circulation can usually, though not always, be demon- 
strated, and a good example is given in Fig. 6. In this experiment after 
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obtaining an initial constrictor response to the injection of 0-02 mg. 
adrenaline, 30 mg. of cocaine were added to the venous reservoi 
ceiving the blood from the leg, and a period of 10 minutes was Sieve 
for distribution of the cocaine throughout the system. The addition of 
the cocaine caused a slight rise in the pressure; the record shows that 
when the injection of adrenaline was repeated, a much greater con- 
striction followed. 


Fig. 6. Record of pressure in the artery cannula secured in the aorta of a dog just above 
the bifurcation to the hind legs. The tracing shows the response to 0-02 mg. adrenaline 
on the left, and the augmented response to the same dose after the addition of 30 mg. 
cocaine to the circulation. The Dale-Schuster pump was used to perfuse the hind 
limbs. 


There is some difficulty in providing a conclusive demonstration of 
the action of cocaine on the constrictor action of tyramine because, as 
previously shown [Burn, 1930], a small dose of tyramine has a very poor 
constrictor effect, and what constrictor action there is in response to a 
larger dose is usually less when the injection is repeated. Whenever, 
however, adrenaline is added continuously to the perfusion fluid so that 
a greater peripheral constriction is produced, doses of 1 mg. tyramine 
then have more action. In Fig. 7 is shown the effect of 1 mg. tyramine 
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on the vascular system of the two hind limbs of a dog perfused through 

a cannula in the abdominal aorta. This was the third injection of this 
dose, and the constrictor effect of successive doses became greater in 
proportion as the perfusion pressure rose in response to the addition of 
adrenaline to the circulating blood. 30 mg. cocaine were then added to 
the venous reservoir, whereafter the constrictor effect of 1 mg. tyramine 
was abolished, and gave place to a slight dilatation; the subsequent 
injection of the same volume of saline shows that the dilatation was due 
to the tyramine and not to its vehicle. In experiments on the perfused 
hind limbs of the cat in which no adrenaline was added to the circulating 


Fig. 7. Showing abolition by cocaine of constrictor action of tyramine in the hind limbs 
perfused with blood by the Dale- Schuster pump. After the addition of 30 mg. 
cocaine to the circulation, 1 mg. tyramine then has a small dilator effect. At C, 0-5 c. o. 
saline was injected. 8. 


blood, it was found that after the addition of 15-0 mg. of cocaine to the 
blood, a large dose of tyramine (9-0 mg.) still produced a small con- 
strictor effect; in one experiment the rise of pressure in the cannula was 
as great as 60 mm. mercury. 3 

Me have compared the constrictor effect of ephedrine in the perfused 
hind limb of the dog with its effect in other experiments in which cocaine 
had been added to the circulation. In two experiments the injection 
of 3 mg. ephedrine as a first dose, other drugs not having been injected, — 
caused a rise of pressure in the cannula of 73 mm. and 68 mm. mercury 
respectively. In two other similar experiments, in which 30 mg. cocaine 
were first added to the circulation, the rises of pressure produced by the 
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same weight of ephedrine were only 22 mm. and 16 mm. respectively. 
Hence we think that the constrictor action of ephedrine is considerably 
reduced, but not abolished, by cocaine. 

In the course of these experiments on ephedrine we have made the 
curious observation that if a tone is maintained by the addition of 
adrenaline to the circulation, then, even in the absence of cocaine, the 
effect of an initial injection of 3 mg. ephedrine is to cause vaso-dilatation. — 
A record of this observation is given in Fig. 8. 


Fig. 8. 


Fig. 8. Perfusion of hind leg of dog by Dale-Schuster pump. Adrenaline added to 

circulation to raise vascular tone. At F a first injection of 3 mg. ephedrine was made 

into the arterial cannula. Note the fall of blood - pressure in the absence of cocaine. 
At A 0-02 mg. adrenaline was injected. 

Fig. 9. Tracings read from right to left; they record the contractions of the isolated 
auricles of the cat heart. In the top tracing, at T, 0-3 mg. tyramine was added to 
the bath; the record shows the augmentation of amplitude and rate 1 minute later. 
In the lower tracing, at C, 0-5 mg. cocaine was added to the bath; this produced no 
change after 1 minute; 0-3 mg. tyramine now had no effect. . 


EXPERIMENTS ON ISOLATED TISSUES. 


Having shown that cocaine augments the action of adrenaline and 
depresses the action of tyramine and of ephedrine, both on the heart 
and on the vessels, we pruceeded to study the relation in various isolated 
tissues. We chose for this purpose the auricles, the intestine and the 
virgin uterus of the cat, for in all these the action of tyramine resembles 
that of adrenaline, and must be an action exerted either on, or in the 
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neighbourhood of the sympathetic nerve endings, rather than an action 
on the muscle. 
The isolated auricles. — 

_ A preparation of the auricles of the cat’s heart was set up as soon 
after removal from the body as possible in Locke-Ringer containing 
0-05 p.c. sodium bicarbonate. It is well known that adrenaline causes an 
increase of the amplitude and rate of the auricular contractions, and 
Andrus [1924] showed that tyramine had the same effect. We found it 
easy to demonstrate that the effect of tyramine was abolished by the 
presence of cocaine, as is shown in Fig. 9. In making the observations, 
care was taken over certain details. We kept the temperature of the bath 
between 35° and 36° C.; in working with adrenaline a dilution of 1 in 
1,000,000 was prepared, and of this about 0-5 C. c. was added to a bath 
of 100 c.c.; in working with tyramine a dilution of 1 in 1000 was pre- 
pared, and of this 0-3 c. o. added to the bath. A record of the contrac- 
tions was taken for 15-30 seconds before adding the adrenaline or 
tyramine; the drum was stopped, and the addition made to the bath at. 
a moment noted on the second hand of a watch. Exactly 45 seconds 
later a further record was taken for 15-30 seconds, and the bath at once 
filled with fresh Ringer. The auricles were then left for a fixed period 
which in different experiments varied from 12-20 minutes. When cocaine 
was added to the bath the dose varied from 0-5 mg. to 1 mg.; it was 
allowed to act for precisely 1 minute before the tyramine or adrenaline 
was added; this concentration acting for this length of time had no 
effect on the auricular contractions. 

It was found that the first effect of cocaine was to delay the time 
taken for tyramine to produce a given increase in amplitude. A larger 
dose of cocaine inhibited the increase altogether. The effect of the 
cocaine in preventing the increase of amplitude caused by tyramine 
was gradually removed by repeated changes of Ringer’s solution. 

These observations showed that the effect of cocaine on the action 
of tyramine seen in the body and in tissues in which a circulation of 


blood was maintained was also demonstrable in isolated tissues. Amore 
interesting discovery, however, was that the action of adrenaline on 


the auricles was also diminished by cocaine, and not increased as in the 
previous experiments. An illustration of this is given in Fig. 10. On 
the right of the tracing is shown the increase of amplitude produced by 
the adrenaline alone; in the middle it is seen that in the presence of 
cocaine the same dose of adrenaline produces no effect; finally on the 
left a return of the effect of adrenaline is seen after a change of the 
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Ringer’s solution. It is worthy of notice that, as shown in Fig. 9 and 
in Fig. 10, cocaine has no action on the contractions of the isolated 
auricles. Yet cocaine is commonly described in text-books of pharma- 
cology as a sympathetic stimulant, and if this description is correct, it 


Fig. 10. Similar to Fig. 9, showing the diminution of the adrenaline effect on the auricles 
by cocaine. On the right hand is the effect of 0-0004 mg. adrenaline, after 1 minute. 
In the middle it is seen that 1 mg. cocaine has no effect during 2 minutes, and then 
the same dose of adrenaline has almost no effect after 2 minutes. When the cocaine 
is washed out the stimulant action of adrenaline returns. 


should augment the contractions. If the concentration of cocaine is 
made large enough to produce an effect the contractions become smaller 
and irregular in rate. 


Fig. 11. Showing inhibitory action of 0-5 mg. tyramine on virgin cat uterus suspended 
in bath of 100 C. 0. The addition of I mg. cocaine causes contraction of the muscle, 
and in its presence the tyramine has no effect, but the inhibitor action of 0-01 mg. 
adrenaline is still exerted. After washing out the cocaine the tyramine again causes 
relaxation. 


The isolated non-pregnant uterus of the cat. 


The non-pregnant uterus of the cat, suspended in Ringer’s solution 
after removal from the body, is relaxed by tyramine just as by adrenaline. 
Fig. 11 gives an example of this relaxation, and of the abolition of the 
effect in the presence of cocaine, although adrenaline still produced a 
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relaxation; after removal of the cocaine the tyramine relaxed the 


muscle as before. 

Careful investigation on a series of preparations revealed that the 
inhibitor effect of adrenaline was also suppressed by cocaine, though, to 
show this, doses of adrenaline which are just large enough to produce 
some inhibition must be used. An example is given in Fig. 12. In this 
experiment the muscle had been suspended in the bath for several hours, 
so that the appropriate dose of adrenaline had risen to as high as 0-01 mg. 

It is again worthy of remark that, as Fig. 11 clearly shows, the effect 
of cocaine itself is not that of a sympathetic stimulant; so far from 
causing inhibition of the muscle, it caused contraction, which was pre- 
sumably due to direct muscular stimulation. 


Fig. 12. Showing that cocaine also depresses the inhibitory effect of adrenaline on the 
isolated virgin uterus of the cat. Note that the recovery of the inhibitory effect of 
adrenaline after washing out the cocaine is at first incomplete. This phenomenon is 
usually demonstrated best when much smaller doses of adrenaline are employed than 
in this experiment. 


Various observations have also been made on the effect of ephedrine 
on the uterus of the non-pregnant cat. Like tyramine, it was found to 
cause simple inhibition, though unlike tyramine, this inhibition was not 
readily abolished in the presence of cocaine. Evidence, however, that 
cocaine diminished the inhibitor action of ephedrine was obtained from 
examination of the two horns of the same uterus separately. The effect 
of a given dose of ephedrine alone was determined on one horn, and the 
effect of the same dose in the presence of cocaine was then determined 
on the other. 

Isolated intestine of the cat. 


The effect of cocaine on the action of tyramine on isolated pieces of 
cat intestine suspended in Tyrode solution was found to be exactly the 
same as on the non-pregnant uterus. Tyramine in concentrations of 1 in 
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200,000 caused complete inhibition of the rhythmical contractions. After 
washing out the tyramine and allowing time for recovery the addition 
of I mg. cocaine to the bath of 100 c.c. caused a temporary increase in 
the tone; tyramine was then without effect. After removing the cocaine 
the inhibitor action of tyramine could again be demonstrated. 

It was interesting to observe that the inhibitor action of tyramine 
diminished as the length of time in which the intestine was suspended 
in the bath increased. Concentrations of 1 in 50,000 tyramine then 

uced, instead of inhibition, a slight stimulation of the intestinal 
tone. Similarly it was found that a loop of intestine left overnight in 
the ice chest was not inhibited, but was stimulated by tyramine when 


Fig. 13. Isolated cat intestine in Tyrode solution, showing inhibitor action of Img. 


ephedrine (). In the presence of 0-5 mg. cocaine (C) the same dose of ephedrine (E) 
has much less inhibitor action. 


suspended in the bath. Evidently the responsiveness of the sympathetic 
endings to tyramine disappears long before the muscle itself is per- 
ceptibly affected, so that a direct stimulant action of tyramine is un- 
covered. In an earlier paper by one of us [Tainter, 1926] the inhibitor 
effect of tyramine was observed in only one out of seven strips of in- 
testine; these also had been left in the ice chest before examination, so 
that the inhibitory effect had been lost. 

Ephedrine similarly inhibits the intestine of the cat, and we have 
again been able to obtain some evidence, though not conclusive evidence, 
that the inhibitor action is less in the presence of cocaine. A record of 
the action of ephedrine is given in Fig. 13. 

Efforts to determine the action of cocaine on the inhibition of the 
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intestine by adrenaline were not rewarded with any simple answer. In 
none of the experiments was the response to adrenaline greatly changed 
by the presence of cocaine, and while in some the inhibition appeared 
to be greater, in others it appeared to be less. The intestine in this respect 
differed from the auricles and from the uterus. 


EXPERIMENTS ON THE EFFECT OF THE PRESENCE OF BLOOD. 


We had now reached a stage in the investigation at which it was 
possible to draw some tentative conclusions from the results obtained. 
In experiments on the pressor response in the whole animal, on the 
heart-lung preparation and on the perfused hind limbs, the effect of 
adrenaline was augmented and that of tyramine diminished by cocaine. 
In experiments on the isolated tissues, the auricles and the uterus, the 
effect of both adrenaline and tyramine was diminished by cocaine. In 
the isolated tissues the paradox had disappeared, and adrenaline and 
tyramine were seen to be affected in the same way. The problem was 
now transformed into the new problem of why cocaine augmented the 
action of adrenaline in the body and diminished it in isolated tissues; 
a peculiar difference between tyramine and adrenaline no longer con- 
fronted us. 

The first point of difference between the conditions in which the effect 
of adrenaline was increased and those in which it was diminished by 
cocaine, was that blood was present in the former. It occurred to us that 
the increase in the adrenaline effect might be due to a delay in the 
normal process of the oxidative removal of adrenaline, resembling the 
delay caused by physostigmine in the removal of acetyl-choline. 

_ We tested this possibility by examining the rate of disappearance of 
adrenaline from defibrinated blood kept at a temperature of 37° for 
several hours in the presence and absence of cocaine. The adrenaline 
was estimated by its pressor effect in the spinal cat. We found that the 
presence of the cocaine in no way affected the rate of disappearance, 
which was very slow, Supposing that the presence of a small amount 
of a muscle extract prepared with cold saline might accelerate the rate 
of removal, we repeated the experiment with this addition, but the 
result was just the same. : 

We next spent some time inquiring whether the adrenaline response 
of the isolated uterus and of the isolated auricles suspended in de- 
fibrinated blood instead of in Ringer’s solution was increased by cocaine. 
With the isolated auricles we found 1 difficulty in getting a result 
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of any sort, because, although when freshly suspended the auricles con- 
tracted well, they soon ceased to beat at all. With the uterus this diffi- 
culty did not arise, and the results indicated clearly enough that the 
change from a bath of Ringer to one of defibrinated blood made no 
difference. The addition of cocaine to the bath rendered the adrenaline 
less effective than before in producing inhibition. 


EXPERIMENTS ON THE PERFUSED HEART OF THE CAT. 


We were now satisfied that the difference between the results in the 
heart-lung preparation and in the auricles was not due to the presence 
of blood, and the next step in the analysis appeared to be to make ex- 
periments on the isolated heart perfused through the coronary circula- 
tion with Locke-Ringer. A record of the contractions of the heart was 
obtained by the movements of a lever attached by a thread to the apex 
of the ventricle. 

In the first experiments we made careful observations of thei increase 
in amplitude which followed the injection of small doses of adrenaline 
into the cannula leading to the aorta. 

Usually we found that a suitable dose of adrenaline was 0-05 to 
0-1 C. 0. of a solution of 1 in 1,000,000. We then changed the perfusion 
fluid from Locke-Ringer to Locke-Ringer containing a certain concen- 
tration of cocaine, and, when this was passing through the heart, re- 
peated the injections of adrenaline into the cannula. 

When the concentration of cocaine was as high as 1 in 500,000, there 
was a rapid diminution of the amplitude of the contractions and the 
injection of adrenaline produced less increase in amplitude than before. 
With lower concentrations than this the effect varied in different hearts. 
In one heart a concentration of 1 in 2,000,000 produced a slow but 
steady diminution in the contractions, without affecting the response to 
adrenaline, until the amplitude was reduced to about one-third of its 
former size; the effect of adrenaline then disappeared. In another heart 
a concentration of 1 in 4,000,000 cocaine diminished the amplitude very 
quickly and also diminished the response to adrenaline at once. In three 
other experiments a concentration so low as 1 in 10,000,000 diminished 
the response to adrenaline at once, without producing any perceptible 
effect on the amplitude or rate of the contractions. These experiments 

showed that the effect of perfusing a steady concentration of cocaine 
through the coronariés, whether the concentration was large or small, 
was either to diminish the effect of adrenaline immediately, or excep- 
tionally to leave it unaffected at first and to diminish it later. Even 
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when the response to adrenaline was observed at the earliest possible 
moment of the entry of cocaine into the system, the response was never 
increased. 
Inn other experiments, however, instead of allowing the cocaine to 
enter the heart in a steady concentration, the cocaine was injected into 
the cannula immediately before the dose of adrenaline was injected. In 
all of these experiments an augmentation of the adrenaline response was 
observed. A good illustration is given in Fig. 14. In obtaining the record, 
care was taken to see that successive injections of adrenaline produced 
a similar effect each time; a dose of cocaine, e.g. 0-004 mg., was then 


Fig. 14. Record of the contractions of the isolated heart of the cat perfused through the 
coronary circulation. At A, 0-05y adrenaline was injected into the cannula leading 
to the heart. Note that the effect is the same in successive injections. When 4y 
cocaine (C) are injected, just before this dose of adrenaline, the effect of the adrenaline 


is greatly magnified. Se 
size with subsequent injections. 


83 bid the cannula and within 10 seconds the dose of adrenaline 
was injected again. The effect of the adrenaline alone was once more 
observed. Fig. 14 shows a magnification of the adrenaline response 
which may be judged to be from five- to ten-fold. It was found that 
the augmentation of the response became less as the dose of cocaine 
was increased. Doses of 0-004 mg. and 0-008 mg. were indistinguishable 
in their effect, but a dose of 0-1 mg. produced no augmentation at . 
and a dose of 0-4 mg. depressed the response. 

In the isolated heart, then, it was possible to observe the effect seen 
in the heart-lung preparation, and also the reverse effect seen in the 
auricles; curiously enough, both could be seen in the same preparation 
as shown in Fig. 15. A constant response to 0-0iy adrenaline was first 
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obtained. Cocaine, I in 10,000,000, was then perfused through the heart. 
The dose of adrenaline was then twice observed to have no action, and 
a dose of 0-ly was almost ineffective as well. A repetition of this dose 
preceded by 4y cocaine then gave a much increased response. A further 
injection of 0-ly adrenaline was without appreciable effect, and finally 
an injection of 4y cocaine alone slightly reduced the amplitude. 

It remains only to state that in the circumstances in which the 
greatest augmentation of the action of adrenaline by cocaine is seen, 
the action of tyramine is diminished, though the diminution is not 


Fig. 15. The record shows three successive injections of 0-05y adrenaline (A) into the 
cannula leading to the perfused heart of a cat. The perfusion fluid was then changed 
(Ch) to 1 in 10,000,000 cocaine, and further injections of adrenaline (A) were then 
made without effect. This illustrates the diminution of the adrenaline response by 
cocaine. Twice the dose (2A) of adrenaline was then injected without much effect, 
and then this dose was injected immediately after the injection of 4y cocaine directly 
into the cannula. Its effect was augmented. This illustrates the increase of the adre- 
naline response by cocaine. Finally, the double dose of adrenaline (24) was injected 

again, and the dose of cocaine (C) separately, showing that the cocaine by itself has 
no augmentor effect. 


very great. Larger doses of cocaine of course abolish the effect of 
tyramine. 

We were able, tas in the isolated heart to reduce the demon- 
stration of the paradox to its simplest form and thereby to narrow very 
materially the field of speculation as to its cause. The significant circum- 
stances appear to be the following. When cocaine is presented to cardiac 
tissue in a steady concentration, its effect on the response of the tissue 
to adrenaline is to depress it; when, on the other hand, the adrenaline 
stimulus is applied at a time when the concentration of cocaine in the 
cardiac tissue varies from moment to moment, the effect of the adrenaline 
stimulus is greatly increased. 
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THE ACTION OF TYRAMINE ON THE DENERVATED PUPIL. 


The experiments hitherto described have not shed any very new 
light on the relation between the action of tyramine and that of adrena- 
line. Certain points may be noted. On the isolated preparations, the 
auricles, the intestine and the uterus, the dose of tyramine which pro- 
duced an effect similar to that produced by a given dose of adrenaline 
was a dose about a thousand times greater. When the tissues were sus- 
pended in a bath of 100 C. 0. we ordinarily used from 0-1 to 0-5 c.c. of 
tyramine 1 in 1000 and a similar volume of adrenaline 1 in 1,000,000. 
On the other hand, in the isolated heart perfused with Ringer, the re- 
lation was very different, for tyramine was relatively much more active ; 
0-3 0.0. of a solution of tyramine 1 in 100,000 produced an increase in 
amplitude equivalent to that produced by 0-2 0.0. I in 1,000,000 adre- 
naline. It appears from this that adrenaline, applied to a tissue sus- 
pended in a bath, has far greater diffusibility than tyramine. 

We have, however, discovered one important qualitative difference 
between the two substances. When the pupil of the cat’s eye is dener- 
vated by extirpation of the corresponding superior cervical ganglion, 
then, after allowing time for degeneration, the pupil becomes much more 
sensitive to adrenaline. As was pointed out by one of us before [Tainter, 
1929 ö, an agent which acted on the sympathetic nerve endings them- 
selves should now. be ineffective, and the persistence of the response to 
adrenaline shows that adrenaline acts beyond the endings on the myo- 
neural junction. 

The right superior cervical ganglion was removed from two cats. 
The operations were performed under deep anesthesia with ether, and 
with full aseptic precautions. Observations under urethane anesthesia 
were made on one cat after 9 days and on the other after 16 days; prior 
to these observations the left cervical sympathetic chain was divided to 
cut off central impulses to the left eye. The results are given in Table I. 


Tasty I. 


First cat (9 days after extirpation of right ganglion). 
Denervated Normal 


pu 
Smallest dose of adrenaline with dilator effect 0-2y A ag 
Smalleat dose of tyramine with dilator effect 2 mg. 0-3 mg. 
Second cat (16 days after extirpation of right ganglion). 
Denervated Normal 
pupil 
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\ The results in both cats were the same, though in the second cat they 
were more striking, and were confirmed after removal of both suprarenal 
glands. Whereas the usual increased adrenaline response was observed 
in the denervated pupil, it was found that this pupil failed to respond 
to any dose of tyramine however great. When as much as 8 mg. tyramine 
were injected, the denervated pupil still remained a narrow slit at a time 
when the normal pupil showed maximal dilatation. The same difference 
was observed with ephedrine, except that some dilatation of the de- 
nervated pupil was seen with a dose of 10 mg. On the other hand the 
normal pupil dilated after the injection of 0-5 mg. 
| EFFECT OF COCAINE ON NERVE STIMULATION. 
3 The results on the pupil after denervation bore an obvious similarity 
to the effect of cocaine on the action of adrenaline and tyramine on other 
tissues; it looked for the moment as if the effect of cocaine was to 
paralyse the sympathetic nerve endings so that the tissue responded 
exactly like a denervated tissue. A simple method of testing this ap- 
peared to be to determine the effect of cocaine on nerve stimulation. 
We have carried out some experiments on the isolated nerve-muscle 
preparation which Finkleman [1930] has recently used. A loop of cat 
intestine was removed together with the attached mesentery. The blood 
vessels leading to the loop were dissected free from the mesentery and 
laid on electrodes. The intestine was suspended in Ringer’s solution (in 
some experiments Tyrode's solution was used) and the effect of stimula- 
tion on the intestinal movements was observed. In one : good 
1 motor effects were obtained, and in order to see inhibitor effects it was 
| necessary to paralyse the parasympathetic endings with atropine. With 
fairly powerful stimuli, such as were easily felt on the tongue, inhibition 
} with relaxation of tone was obtained just as if adrenaline had been added 
d to the bath, and the degree of inhibition was graded according to the 
stimulus applied. We found that concentrations of cocaine such as 1 in 
4 100,000, which abolish the inhibitor action of tyramine, had no appre- 
| ciable effect on the result of nerve stimulation, and that nerve stimula- 
tion remained effective until concentrations were used (1 in 10,000) which 
paralysed the intestinal movements altogether. _ 

These results showed that the simple picture of cocaine producing a 
temporary change in the peripheral sympathetic mechanism, equivalent 
to that of complete degeneration of the sympathetic nerves, did not 
accord with the facts. 

1 The dilator action of tyramine is not affected immediately by the extirpation of 
the ganglion. 
13—2 
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THE ACTION OF ERGOTOXINE ON THE CONSTRICTOR 
ACTION OF TYRAMINE. 


Since some disagreement exists between different workers about the 
effect of ergotoxine on the pressor action of tyramine, it is worth while 
to describe the effect as we have seen it on the vessels of the hind legs 
of the dog when perfused with blood by the Dale-Schuster pump. As 4 
already described, the constrictor effect of tyramine is only considerable 
when, by the steady addition of adrenaline, the vessels are maintained in 


Fig. 16. Record of perfusion of hind limbs using Dale-Schuster pump. Responses to 
Img. tyramine and to 0-004 mg. adrenaline. The tone of the vessels was raised by the 
addition of adrenaline to the circulation. 5 mg. ergotoxine were then added. The 
pressure fell but was raised again by the addition of BaCl,. A much larger dose of 

adrenaline 0-05 mg. now has a dilator action, while 1 mg. tyramine and 3 mg. ephe- 2 
drine have no effect at all. 


a fairly high tone. If, having obtained a good constrictor response to 
Img. tyramine in the presence of adrenaline, ergotoxine is now added 
to the venous reservoir (e.g. 5 mg. for a total circulation of 500-600 C. c.) 
this tone is soon completely lost owing to the paralysis of the sympathetic : 
endings. The injection of the same dose of tyramine now produces no 
constriction and the injection of 0-05 mg. adrenaline will produce a slight. 
dilatation. It seems probable that the failure of the tyramine to con- 
strict is due to the ergotoxine and not to the fall of tone, because the 
tone can be raised by the addition of barium chloride to the circulation 
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| —__without any return of the constrictor action of tyramine, and without 
modification of the vaso-dilator effect of the adrenaline. These results 
are illustrated in Fig. 16. We find, therefore, that in the perfused hind 
mb the constrictor effect of tyramine is abolished but not reversed by 
ergotoxine, whereas that of adrenaline is reversed. This finding is in 
agreement with the finding of one of us published elsewhere [Tainter, 
9 1930] that in the spinal cat the pressor effect of tyramine is not reversed 
at a time when not only adrenaline, but also di-hydroxyphenylethyl- 
amine and di-hydroxyphenylpropylamine give beautiful depressor effects. 


VASCULAR ACTION OF COCAINE. 


Before proceeding to the discussion of the various findings two obser- 
_ vations on the action of cocaine require record. If an injection of 5 mg. 
cocaine be made into the vein of a spinal cat 
the blood-pressure often rises; if the injection 
is repeated there is usually no further rise, 
} and there may be a fall. The rise appears to 
be due to the effect of the cocaine in in- 
creasing the pressor action of the adrenaline 
present in the circulation. In support of this 
explanation is the fact that the addition of 
cocaine to the reservoir collecting blood from 
| the leg veins in the Dale-Schuster perfusion 
system often causes a rise of pressure, and 
that this rise of pressure is much greater if 
adrenaline is being steadily added to the 
circulation. On the other hand, if an injection 
of cocaine be made directly into the cannula 
tied in the artery, then dilatation of the vessels 
occurs as shown by the immediate fall of pig 17, Showing dilator effect 
pressure. An example of this dilatation is of 5 mg. cocaine on the 
vessels of the hind of a 
given in Fig. 17. It is clear that the pressor dog perfused by the Dale- 
effect of cocaine in the body has nothing to Schuster pump. 
do with the heart, for cocaine has no stimulant effect on the heart either 
: in the heart-lung preparation, the isolated perfused heart (see Fig. 15) 
4 or the isolated auricles (see Fig. 9). Nor has the pressor effect of cocaine 
anything to do with the direct effect of cocaine on the vessels (see 
Fig. 17). Since a constrictor action is exerted in the perfused hind limbs, 
which appears to be proportional to the amount of adrenaline present, 
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of cocaine to increase the effect of adrenaline. 


DIscussIon. 
The results which have been obtained in this investigation have, in 
one direction lessened, and in another increased, the paradox of the 
effect of cocaine. 

In the isolated tissues of the cat such as the auricles and the virgin 
uterus, the effect of tyramine, like that of adrenaline, is an effect which 
must be exerted on some part of the sympathetic nerve endings and not 
on the muscle; in these tissues the effect of cocaine is to depress the 
action of adrenaline as well as that of tyramine. These observations 
confirm the existence of a similarity between the action of tyramine 
and adrenaline and suggest that the abolition by cocaine of the pressor 
effect of tyramine is akin to the abolition of the effect of adrenaline in 
these isolated tissues. It has also been shown that in the cat’s isolated 
heart two effects of cocaine on the action of adrenaline can be demon- 
ktrated; the action of a given dose of adrenaline can be greatly aug- 
mented, and in slightly different conditions it can be depressed. It is 
evident, therefore, that since cocaine can either augment or depress the 
action of adrenaline in the same tissue, it cannot be concluded that a 
substance whose action is depressed by cocaine does not act on some 
part of the peripheral sympathetic mechanism. 

steady concentration of cocaine is perfused through the coronary 
vessels, whether the concentration is as high as 1 in 500,000, or as low 
as 1 in 10,000,000; when, however, an injection of cocaine is made into 
the cannula leading to the aorta, so that there is a sudden application 
of a dose which no sooner enters than it is at once washed away, the 
injection of adrenaline immediately after the cocaine is followed by a 
greatly increased effect. So far as it is possible to recognize the factor which 
decides whether the adrenaline effect is to be increased or diminished 
it appears to be not so much the actual concentration of cocaine as the 
change in the concentration present in the cells of the heart; in the 
presence of a rapidly changing concentration the effect of adrenaline 


is increased, while in the presence of a fixed concentration the effect of 
adrenaline is diminished. 


While these results lessen the appearance of difference which. ‘the 
effect of cocaine on the pressor actions of adrenaline and tyramine — 
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point the results confirm the view that a difference of some sort exists. 
While in the isolated heart the effect of adrenaline can be either increased 
or diminished by cocaine, the effect of tyramine can only be diminished. 
We did not find it possible to augment the action of tyramine by cocaine 
even in the circumstances in which that of adrenaline was regularly 
augmented. This then is one difference between adrenaline and tyramine; 
we have discovered another of great interest in the action on the de- 
nervated pupil. After complete degeneration of the sympathetic nerves, 
adrenaline will cause dilatation in one-tenth the concentration necessary 
in the normal eye, while tyramine in very large doses has no effect on 
the denervated pupil at all. From this finding we have a clear suggestion 
that tyramine acts upon the endings of the sympathetic nerves them- 
selves, while adrenaline acts in part at least on the region which survives 
degeneration of the nerve endings, and which is, in consequence of 
degeneration, more sensitive to adrenaline than before. 

The facts before us may be included in the following hypothesis. 
We suggest that in the cat, not only on the pupil but on other tissues also, 
adrenaline produces its effect, in part at least, by stimulating the myo- 
neural junction; that tyramine stimulates the sympathetic nerve endings 
alone. The effect of cocaine on the sympathetic nerve endings is in all 
circumstances to depress them so that they are less easily stimulated, 
but this diminution in excitability is not accompanied by any diminution 
in conductivity. The effect of cocaine on the myo-neural junction is, in 


a steady concentration, to depress it, so that the effect of adrenaline is 


reduced, but, in a changing concentration to alter the myo-neural junc- 


tion in such a way that the effect of adrenaline is increased. 


It is, of course, not certain how this explanation is to be applied to 
the more complex conditions in the intact animal. Here, while an in- 


coreased adrenaline response is not always seen, at least a diminished 


response is never seen unless excessive doses of cocaine are used. It is 
difficult to suppose that the concentration of cocaine in the tissues is 
rapidly changing, in all those circumstances in the body in which an 
increased adrenaline response is seen; me while this supposition is 
it is not impossible. 

Some further cominents on the action ‘al tyramine are required by 
| we have given that in large doses it has a histamine- 


ao “ike action. We have shown that after the injection of cocaine in the 


spinal cat, a dose of 9 mg. will produce a fall of blood-pressure accom- 


panied by dilatation of the volume of a leg to which all nerves have 


been cut. In several respects it is easy to show that the action of tyra- 
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mine stands between the action of adrenaline and the action of histamine. 
So much stress has been laid on the antagonism between adrenaline and 
histamine, that it is often forgotten that they have similar as well as 
dissimilar features. Both adrenaline and histamine inhibit the isolated 
uterus of the rat, and both dilate the coronary vessels of the cat. 


Tyramine has both these properties l. If, however, we turn to the guinea- 


pig’s uterus, adrenaline is inhibitor, tyramine almost without action, 
save as a very weak stimulant, while histamine is a powerful stimulant. 
On the rabbit’s intestine, adrenaline is inhibitor, tyramine rarely in- 
hibitor and usually a weak stimulant, while histamine is a stimulant. 
Adrenaline dilates the bronchi, tyramine is a weak and histamine a 
powerful constrictor. So far as we have had evidence available we have 
met no exception to the rule that tyramine stands between adrenaline 
and histamine, though, of course, much nearer the former than the latter. 
We think it certain that much of the dispute which has arisen about 
the action of tyramine, some saying that it is sympathomimetic and 
others that it is a muscular stimulant, is due to the fact that on many 
tissues in various species, tyramine has a weak stimulant action re- 
sembling that of histamine. 

A final word must be said about the action of cocaine. In many text- 
books of pharmacology it is stated that cocaine is a stimulant of the 
sympathetic system. There appears to be no justification for this descrip- 
tion with the doubtful exception of the action on the pupil. Cocaine 
stimulates and does not inhibit the isolated intestine and the virgin 
uterus of the cat; it does not stimulate the isolated auricles and it has 
a dilator action on the blood vessels. Its mydriatic action alone re- 
sembles the action of the sympathetic system, and there is little, if any, 
evidence that this action is on the nerve endings rather than on the 


muscle. Cocaine has indeed a remarkable effect in augmenting the action 


of adrenaline, but to describe this effect as a stimulation of the sympa- 
thetic system seems to us inaccurate and misleading. 


The main conclusions are: 
1. The action of is that of and 

of ephedrine is diminished or abolished by cocaine, both on the heart 
in the heart-lung preparation, and on the vessels of the hind limbs per- 
fused by means of the Dale-Schuster pump. 

2. On the isolated auricles of the cat the augmentor action 15 
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adrenaline as well as the augmentor action of tyramine is abolished by 

cocaine; similarly on the virgin or non-pregnant uterus of the cat the 

inhibitor action of adrenaline as well as the inhibitor action of tyramine 

is greatly lessened or abolished by cocaine. On the isolated intestine of 

the cat the inhibitor action of tyramine is abolished by cocaine, while 

that of adrenaline is variably affected. Ephedrine inhibits both the 

uterus and the intestine of the cat, but the diminution of these inhibi- 
tions by cocaine is much more difficult to demonstrate. 

3. On the isolated cat’s heart perfused with Ringer, perfusion with 
a weak solution of cocaine, such as 1 in 10,000,000, diminishes the effect 
of adrenaline on the heart as well as that of tyramine. If, however, 
instead of perfusing cocaine through the heart, a single dose is injected 
into the cannula, the injection of adrenaline immediately afterwards is 
followed by a greatly increased effect; the injection of tyramine imme- 
diately after the injection of cocaine is followed by a diminished effect. 
4. Tf the pupil of a cat’s eye be denervated by extirpation of the 
superior cervical ganglion, and time allowed for full degeneration of the 
nerves, the pupil is now dilated by a much smaller dose of adrenaline than 
before, but it is not dilated at all by large doses of tyramine. Similarly 
only very large doses of ephedrine have even a slight dilator action. 

5. Further evidence is given that tyramine has, in large dose, a 
histamine-like action on the vessels. It is suggested that in many 
respects tyramine stands between adrenaline and histamine in its physio- 
logical effects. 

6. It is shown that cocaine has a vaso-dilator action on the perfused 
hind limb, that it stimulates the virgin cat’s uterus and the cat’s in- 
testine which are inhibited by adrenaline and tyramine, and that it has 
no stimulant effect on the isolated auricles. It is not, therefore, a general 
stimulant of sympathetic endings. 
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THE SYMPATHETIC INNERVATION OF THE 
STOMACH. 


II. The effect of stimulation of the peri- arterial 
nerves on the stomach and small intestine. 


By B. A. McSWINEY Au J. M. ROBSON. 
(Department of Physiology, University of Leeds.) 


McSwiney and Rosson [1929 a] reported preliminary experiments 
demonstrating the response of the smooth muscle of the stomach to 


stimulation of the peri-arterial nerves. In a recent paper Brown, 
McSwiney and Wadge [1930] described the effects on the stomach of 
stimulation of the thoracic sympathetic trunk. They showed that stimu- 
lation with a weak faradic current at a frequency of 1 per sec. caused 
contraction, while stimulation with a tetanizing current brought about 
relaxation. These authors concluded that the body of the stomach re- 
ceives motor and inhibitor fibres from the sympathetic chain, which 
can be influenced to a greater or lesser degree by the varying types of 
stimulation. Finkleman [1930] has recently described an inhibitory 
nerve smooth muscle preparation, and points out that parallel effects 
are produced by nervous and chemical inhibition. 

This paper deals with the effects of stimulation of the vagus and 
peri-arterial nerves supplying smooth muscle preparations, and affords 
further evidence to demonstrate that motor and inhibitor effects may 
be obtained from the smooth muscle of the stomach on stimulation of 
sympathetic nerves. | 

Mertuop. | 

Rabbits and cats were used. Rabbits were killed by a blow on the 
occiput, while cats were anesthetized with ether. The stomach was re- 
moved from the animal, the coronary artery identified and dissected 
free from the surrounding tissue. The division supplying the body of the 
stomach was separated from the main artery, and the strip of muscle 
supplied removed free of mucous membrane. A strip of fundic muscle 
supplied by the main artery was also obtained. Preparations of small 
intestine with the mesenteric arteries have also been made. 
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4 The preparations obtained were placed in warm oxygenated solution 
and then suspended in a bath of Ringer-Locke or Tyrode solution. Ex- 
periments were made at 37° C., bubbling and hydrogen-ion concentration 
of the bath being kept constant. 

Optical methods of registration were employed to obtain accurate 
measurement of the latent periods, but the majority of records were 

9 made on smoked paper, using light balanced levers. A Lewis contact 
4 breaker and induction coil were used, and the rate of stimulation varied 
from one break shock in 2 sec. to fifty make and break shocks per sec. 
5 The duration of the stimulus was regulated by an oil dash pot: time 
: intervals shown on tracings, except Fig. 4, equal 10 sec. 


EXPERIMENTAL RESULTS. 


| To stimulate the peri-arterial nerves the artery was laid on platinum 
ö electrodes. The response of the stomach muscle to faradization (fifty : 
make and break shocks per sec.) was not constant, as in some experi- 
ments the muscle contracted, while in others relaxation was recorded. 
These effects were clearly not related to the region from which the strips 
were obtained, as similar results were recorded with preparations of the 
body and fundic regions of the stomach. 
In view of these results further experi- 
3 ments were made to determine the effects 
; of frequency and strength of current on the 
; response of the muscle. It was observed 
N that, if the muscle relaxed on stimulation 
of the peri- arterial nerves with a faradic 
current, contraction could usually be ob- 
f tained by reducing the rate of stimulation. 
4 In Fig. 1 relaxation was obtained with 
frequencies varying from fifty make and 
0 break shocks to twenty break shocks per Fig. I. Cat, 
sec., but on stimulation of the peri-arterial shocks 
nerves with four break shocks per sec. the shocks Per 990. cause 
muscle contracted. In Table I the results of 
0 some of the experiments are tabulated. The table shows the number 
| of stimuli required to produce contraction and relaxation in different 


It will be observed that in Exp. 7 four stimuli per sec. caused re- 
laxation, while one break shock produced contraction. 
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Tat I. Effect of frequency of stimuli. 


Contraction Relaxation 

No. Break shocks per sec. Break shocks per sec. 
1 12 | 20 

2 12 45 

3 4 21 

4 4 45 

5 4 12 

4 45 

7 1 4 


Decreasing the strength of the current while keeping the frequency 
constant was also found to reverse the response of the muscle. The 
following example demonstrates the effect. Stimulation of the peri- 
arterial nerves with twelve break shocks per sec. using 1 ampere in the 
primary circuit caused contraction. Further stimulation of the nerves, 
using the same strength of current but with twenty break shocks per 
sec., caused relaxation. On reducing the current in the primary circuit 
‘from 1 to 0-4 ampere, using twenty break shocks per sec., contraction 
was again recorded. Reversal of the response could therefore be obtained 
by varying the frequency or strength of current. 

A reversal of the response could also be obtained by varying the 
duration of faradic stimulation. Faradic stimulation of the nerves for 
periods of 0-07 to 2 sec. was found to cause 
contraction, but, as previously shown, 
prolonged faradic stimulation prodused 
relaxation. A single contraction lasted 20 
to 50 sec. If the nerve was again tetanized 
towards the end of the rising phase of 
the contraction, the contraction was pro- 
longed, while repeated tetanization of the 
nerve at intervals of 20 to 50 sec. caused 
the contraction to be sustained. 
_ A sustained contraction is demon- 
strated in Fig. 2, the nerve fibres being 
stimulated with a faradic current for 


periods of 1 sec. at intervals of 15 to 2 fundus. 
20 sec. 15 to 
In order to obtain further information 20 see. At A continued faradic 


of the character of the response to stimu- 
lation of the peri-arterial nerves, the latent periods have been recorded 


and compared with the latent period obtained on stimulation of the 
vagus nerve. 
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Peri-arterial stimulation: No. of 
Average Longest Shortest observations 
Contraction 4°8 9-2 1-4 36 
Relaxation 3-3 4-2 2-3 24 
Vagus stimulation: 
Contraction 0-79 1-2 4 1 60 


It will be seen that the latent period of contraction resulting from 
stimulation of the peri-arterial nerve varies between 1-4 and 9-2 sec.: 
the average of twelve experiments being 4-8 sec. The latent period of 
the response to vagus stimulation in the same preparation was much 
lower, and compared favourably with the results previously recorded 
by McSwiney and Robson [1929 ö]. The rate and duration of stimu- 
lation appeared to have no appreciable effect on the latent period, as is 
seen in an experiment where the period of stimulation varied between 
0-1 and 1-7 sec., the latent period remaining constant at a value of 
5-5 sec. The latent period of relaxation was also determined and ranged 
between 2:3 and 4-2 sec., the average of eight experiments being 3-3 sec. 

Further information of the character of augmentor and inhibitor 
responses was obtained from the action of the drugs, ergotoxine and 
atropine. Addition of ergotoxine, 0-6 to 1 mg., to the bath (250 C. C.) 
abolished the motor response, but relaxation could still be obtained by 
appropriate stimulation of the peri-arterial nerves. It must be men- 
tioned that it was usually necessary to employ large doses of the drug, 
5 to 10 mg., to obtain reversal, and occasionally it was found impossible 
to obtain complete motor paralysis even with 
these doses. Addition of 0-1 mg. of atropine 
was also found to inhibit the contraction of 
the muscle, which agrees with the findings 
previously recorded by Carlson, Boyd and 
Pearcey [1922]. 

In order to study and compare the reactions 
of smooth muscle of different organs, a prepar- 
ation of a strip of small intestine supplied by 
a branch of the superior mesenteric artery was 
made. Faradic stimulation of the peri-arterial “@ 
nerves caused inhibition of rhythmic movement pig. . Rabbit, jejunum. 
and relaxation of the muscle. It was observed A. Faradic stimulation. 
that the frequency, strength and duration of >: Püteen shooks per see. 
stimuli did not affect the nature of the response; inhibition being recorded 
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over minimal value was found, however, to prolong the duration of the 
inhibition. Finkleman [1930] occasionally obtained contraction when 
the preparation was first set up by stimulating the mesentery with two 
to four induction shocks per sec. 

Discussion. 

The experiments described with isolated mammalian preparations of 
smooth muscle agree with the observations made by Brown, McSwiney 
and Wadge [1930] of the effect on the stomach of stimulation of the 
thoracic sympathetic trunk in the intact animal. Contraction, inhibition 
of rhythmic movement or relaxation of the muscle have each been re- 
corded on appropriate stimulation of the peri-arterial nerves. Care was 
taken in the experiments to demonstrate that the response of the muscle 
was due to excitation of nerve fibres, and not to spread of current from 
the point of stimulation. After application of a thread ligature to the 
muscle, stimulation had no further 


= has been pointed out by McCrea [1924] that the sympathetic 
nerves to the muscle are derived from the splanchnic nerves and take 
origin from the coliac plexus. The majority of nerve twigs accompany 
the branches of the casliac artery, though a few run with the inferior 
phrenic arteries. Thus, the main nerves associate themselves with the 
left gastric or coronary artery, and are reinforced in the neighbourhood 
of the cardia by twigs which accompany the inferior phrenic artery. 
Sympathetic and vagal fibres are stated to be intermingled in the peri- 
pheral distribution, and it is possible that the effects described might 
be due to stimulation of mixed fibres. 

It is suggested, however, that the response of the muscle is due to 
stimulation of sympathetic nerve fibres, as in the first place the muscle 
will only contract if the appropriate stimulus is applied. This however 
does not apply to the vagus as, in previous experiments, McSwiney 
and Robson [19296] have shown that contraction of the muscle is 
recorded when the vagus nerve is stimulated with frequencies ranging 
from one break shock in 2 sec. to fifty make and break shocks per sec. 
Secondly, inhibition of movement and relaxation of the muscle were only 
obtained in vagus nerve preparations after addition of atropine. Thirdly, 
the latent periods recorded for two sets of nerves are of different orders: 
with vagal stimulation the average latent period equalled 0-8 sec., with 
sympathetic stimulation the period varied from 1-4 to 9-2 sec. for con- 
traction, and 2°3 to 4-2 see. for relaxation. Again, if the vagus and peri- 
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SYMPATHETIC INNERVATION OF STOMACH. 199 
arterial nerves are stimulated simultaneously two contractions were 
obtained (Fig. 4). Owing, apparently, to the different latent periods, 
the contraction due to stimulation of the vagus nerve was followed by 
a contraction resulting from stimulation of the peri-arterial nerves. 
Lastly, the evidence obtained with ergotoxine lends support to the con- 


Fig. 4. Cat, fundus. A. Faradic stimulation of peri-arterial nerves for a period of 0-5 %. 
B. Stimulation of vagus nerve with single break shock. C. Simultaneous stimulation 
of peri-arterial and vagus nerves. Time intervals =1 sec. 


It would appear, therefore, that it is possible to demonstrate in the 
isolated muscle preparations, as in the intact animal, that the smooth 
muscle of the stomach, fundus and body receive fibres which may cause 
contraction or relaxation of the muscle. It is clear that the response to 
sympathetic stimulation is not due to vasomotor changes nor dependent 
on the existing state of tonus, as relaxation and contraction have been 
repeatedly demonstrated in the same muscle strip without any apparent 
change of condition. There are many points of analogy between these 
findings and those recently described by Dale and Gaddum [1930], 
but it is hardly profitable to discuss the points at length at this stage 
of the investigations. | 


SuMMARY. 


Isolated strips of the smooth muscle of the stomach and small in- 
testine innervated by peri-arterial nerves were prepared. The reaction 
of the gastric muscle depended on the type of stimulation employed. 
Stimulation of the nerves with frequencies of one to twelve break induc- 
tion shocks per sec. caused contraction of the muscle; with twenty to 
fifty shocks per sec. relaxation was obtained. Reversal effects were also 


recorded by varying either the strength of current or the duration of 
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faradic stimulation. The motor response was abolished by addition of | é 
ergotoxine or atropine. The movements of the intestine were inhibited 5 
by all types of stimulation. The latent periods of contraction and relaxa- a 
tion have been recorded and compared with the latent periods obtained ie 
on stimulation of the vagus nerve. Evidence is put forward to show 1S 
that the motor and inhibitor response is due to stimulation of sympa- 5 
thetic fibres conveyed in the peri- arterial nervous network. f ye | 
The expenses of the researches described in Part I and Part II have been defrayed in BS 
part by a grant from the Government Grant Committee of the Royal Society. 955 
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SOME OBSERVATIONS ON THE PERFUSION OF 
THE ISOLATED KIDNEY BY A PUMP. 


By A. HEMINGWAY. 


(From the Physiology Institute, Cardiff.) 


4 


Many endeavours to perfuse the kidney by a pump have been unsuc- 
cessful judged by two standards. In the first place there has been 
difficulty in securing an adequate blood flow through the kidney, since 
the organ may respond to the artificial conditions of the circulation by 
a considerable constriction of its vessels; and secondly, the kidney with 
blood flowing through it may not form urine. Cushny [1926] states 
that the rate of blood flow through the mammalian kidney is in the 
region of 2 0.0. per g. of tissue per minute, and this opinion is supported 
by many observers who have reported figures for renal blood flow in 
the intact animal, chiefly the cat and the dog. Starling and Verney 
[1925] in many experiments with the heart-lung-kidney preparation re- 
corded flows much in excess of this estimate. But in very few experi- 
ments where the kidney has been perfused by a pump have flows of a 
similar magnitude been obtained, as is noted by Eichholtz and Verney 
[1924], who themselves were unable to perfuse in this way any de- 
fibrinated blood through a dog’s kidney either in situ or removed from 
the body. 

One explanation of the difficulty of maintaining an adequate flow of 
blood through the kidney (or any other organ) by artificial means is that 
defibrinated blood rapidly develops vaso-constrictor properties. Passage 
of such blood through lung tissue results in loss of the “toxic” properties 
[Eichholtz and Verney, 1924; Herrick and Markowitz, 1929], and 
for this reason the heart-lung preparation is so successful when used as 
a perfusing agent. But a perfusion carried on by a pump and employing 
lung tissue to oxygenate the blood should, besides having other ad- 
vantages, avoid this difficulty. 

In the experiments to be described this problem of the development 
of vaso-constrictor properties in defibrinated blood and the part played 
by the lungs in detoxicating such blood has been re-investigated. In 
them the perfused kidney is supplied with blood by a pump, the per- 
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fusion rate being measured, while venous blood is collected and perfused 
under hydrostatic pressure through isolated lungs. By this arrangement 


Fig. 1. Diagram of perfusion apparatus. Description in text. 
Details of Dixon pump and flow recorder are not shown. 
the pulmonary flow must be equal to the flow in the kidney, and the 
disadvantage inherent in methods in which a second pump is used for 


the pulmonary circuit [Dale and Schuster, 1928; Jacoby, 1928] is 
avoided. | 
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DESCRIPTION OF APPARATUS. 


— 
— 


(a) General arrangement. 

The arrangement of the apparatus is shown in Fig. 1. A is a glass 
reservoir containing blood and kept in a water bath maintained at a 

Se suitable temperature. Blood from the reservoir is taken by the pump B, 
J and after passing through the flow recorder D (to be described later) is 
perfused through the kidney. The kidney may however be short-circuited 
| by passing blood directly to the lungs through the tube C. Venous blood, 
collected in a funnel placed above the reservoir, is oxygenated by per- 
fusion through lungs placed in the reservoir chamber. The lungs are 
removed from the animal supplying the kidney after perfusion of this 
organ has been commenced. Inflation and deflation of the lungs is 
caused by varying a negative pressure inside the chamber A, and inspired 
and expired air separated by Müller valves Fi, Vs. 

The funnel supporting the kidney and the tube leading from the 
reservoir to the pump have water jackets supplied with warm water 
from the main bath by an Autopulse E. 


(0, The pump. 
The pump consists of a T-shaped glass chamber; the head 9 cm. in 
length and 1-5 cm. internal diameter; the leg 7 cm. in length and 2 cm. 
internal diameter. Blood passes along the direction of the head which 
7 is furnished with valves. The seating of these consists of shallow cylinders 
ol rubber, the ends being cut at right angles to the central hole while 
the rubber is spun in the lathe. Circular discs of thin sheet rubber 1 cm. 
in diameter are cemented under pressure along 5 mm. of their periphery 
to the seating. If the latter is cut true a perfectly fitting valve is ob- 
tained. The leg of the T contains a rubber finger-stall held in place by a 
rubber stopper. Connection is made through the stopper to the syringe 
1 of a Dixon pump [Dixon, 1922]. The piston of the syringe (Record type) 
5 is carefully ground to avoid leakage, and so movements of the pump 
= alternately inflate and deflate the finger-stall with air. 
ae Considerable elasticity is given to the vascular circuit by employing 
tthis type of pump, which further possesses a certain measure of adjust- 
ment to changes in the conditions of circulation. For instance, an 
increased resistance to perfusion such as that brought about by vaso- 
constriction leads to a slight diminution in the output of the pump due 
to compression of air in the transmission system, and so the rise in per- 
f fusion pressure is smaller than it would be if a rigid pump system with 
| 14—2 
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a constant output was employed. This adjustment to circulatory changes 
coupled with ability to alter the stroke of the pump while it is working 
make it easily possible to maintain a constant perfusion pressure 
throughout an experiment. If this is done, then changes in the vascular 
pathway of the kidney may be recorded solely as changes in flow. 
Alternatively, the rate of blood flow may be kept constant against 
11 | 
(c) The flow recorder. 


The flow recorder is a modification of the original Stolnikov type | 


adapted for automatic reversal of the flow through the stromuhr by 
electro-magnetic clamping of the tubes. Such a device is not new, and 
an automatic method of control was described by Pavlov [1887]. 
Recently, Montgomery and Lipscomb [1929] have introduced a new 


method of alternating the direction of flow in the chambers of the 


stromuhr. Instead of placing the two chambers in direct communication 
with each other, a U-tube is interposed between them, each limb of the 
tube being similar in shape and capacity to the stromuhr chambers. The 
lower half of the U-tube is filled with saturated copper sulphate solution, 
while each upper half and corresponding portions of the stromuhr are 
filled with liquid paraffin. Movement of blood in the stromuhr causes a 
corresponding movement of paraffin and sulphate solution. The excursion 
of the latter limits the extent of the movement, for, by coming into 
contact with electrodes, electrical circuits are completed which control 
the position and movement of the stromuhr clamp and reverse the 
direction of flow. 

Since no description of the original model demonstrated by the 
authors appears to be available, certain constructional details and points 
in working are here given. 


Four stromuhr chambers of the shape shown in Fig. 2 are employed. 


They have a capacity of 40 C. 0. Two form the stromuhr proper and are 
connected at their lower ends to the tubes passing to the electro- 
magnetic clamp. The details of such a clamp are given by Barcroft 
[1929]. The other two chambers are connected to form the U-tube. 
Three electrodes of 20 B. w. G. copper wire are introduced into the U-tube, 
one at the lowest point and one in each of the upper shoulders. As oil 
is displaced from one stromuhr chamber by the entry of blood, the copper 
sulphate solution rises in one limb of the U-tube, and eventually makes 
contact with the upper electrode. A small current of the order of 15 
milliamps. passes through the copper sulphate column and energizes 
one pole of a d. P. o. double pole polarized type relay. Working through 
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a secondary relay the d. p. o. relay breaks the current on one side of the 
electro-magnet clamp and energizes the other, so that the clamp is 
changed over and the stromuhr flow reversed. A signal wired in series 
with the windings of one of the secondary relays marks the point 
of change on the kymograph tracing. The polarized relay keeps the 
secondary relay and clamp magnets in action until the opposing contact 


is made in the stromuhr. Polarization of electrodes is prevented by using 


Cuso, 
Blood 


Fig. 2. Diagram of Montgomery-Lipscomb flow recorder with arrangements 
for working directly on 200 v. D. c. supply. 


the copper/copper sulphate system, and electrolysis and disappearance 
of the electrodes take place very slowly with the small current passed. 
By adjustment of the amount of copper sulphate solution in the appa- 
ratus the rate of reversal of the stromuhr may be made suitable to the 
magnitude of the flow. 

Current for the relays and the magnets is most conveniently taken 
from the mains and limited by resistances placed in series with the coils. 
Suitable values for working from D.c. mains are given in the diagram. 
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(d) Perfusion of the lungs. 

Blood which issues from the kidney through the cut end of the renal 
vein is collected into a funnel which communicates with a cannula in 
the pulmonary artery. A sufficient head of pressure for the perfusion 
of the lungs is obtained by placing the funnel 80 cm. above the cannula. 
It is necessary to maintain blood in the funnel and prevent it emptying, 
otherwise air bubbles would be introduced into the pulmonary stream. 
This is achieved by interposing a regulating clamp on the tube between 
funnel and cannula. Its action will be made clear by reference to Fig. 1. 
The level of blood in the funnel is balanced by a mercury manometer, 
and any increase in height above a pre-fixed point completes an electrical 
circuit. This, acting through a relay, releases the clamp, which is of an 
electro-magnetic type and permits blood to leave the funnel and flow 
through the lungs. The actual perfusion pressure is about 24 cm. saline. 
In use, the alternate opening and closing of the clamp set up oscillations 


of the mercury in the manometer. These movements minimize any 


disadvantages due to the lag of the mercury column and its small range 
of movement compared with the blood level in the funnel, and, in- 
creasing the rate at which the electrical circuit is made and broken, set 
up a rhythmic alternation in the pulmonary flow. 


METHOD OF SETTING UP THE PREPARATION. 


One dog weighing 10-16 kg. is sufficient to supply the blood, lungs 
and kidney requisite for the experiment. The animal after being anæs- 
thetized with chloroform and ether mixture is bled. About 350 C. C. of 
blood are usually taken and whipped. After filtering through double 
thicknesses of muslin, the blood, which has been kept warm, is intro- 
_ duced into the apparatus, the stromuhr filled and the clamp for regu- 
lating the pulmonary flow brought into operation with blood passing 
from funnel to reservoir by tube R. While this is being done about 
400 c.c. of saline are injected intravenously and diuresis induced. 

The left kidney is then excised following the technique of Starling 
and Verney, but without cleaning the renal artery, and the perfusion 
is commenced. Provided the operations are performed rapidly, so that 
the time available for the development of toxic properties in the standing 
blood is minimal, a considerable blood flow through the kidney may be 
established and maintained until the lungs can be added to the circuit 
and detoxication performed. 


The ie are next prepared 12 perfusion. the chest is opened and 
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a cannula introduced into the pulmonary artery through a slit in the 
base of the right ventricle. After washing out the lungs with saline so 
that very little stagnant blood remains, the cannula is clamped and the 
apex of the heart cut across to permit the escape of blood from the left 
auricle. A tracheal cannula is inserted and lungs, trachea and heart are 
removed from the thorax. Both the pulmonary arterial cannula and the 
tracheal cannula pass through a rubber bung which fits the mouth of 
the blood reservoir, making it airtight and available for negative pressure 
ventilation. The lungs are transferred to the reservoir and, avoiding 
introduction of air bubbles, perfusion of the lungs is commenced by 
clamping tube R and opening tube S. A gas mixture containing about 
5 p.c. CQ, is used for ventilating the lungs. Any small clots or particles 
which may try to circulate are caught up on muslin filters placed in _ 
funnel and the base of the reservoir. 


EXPERIMENTAL. 


(a) The röle of the lungs in “‘detoxicating” defibrinated blood. 

Preliminary experiments demonstrated that defibrinated blood, which 
had been standing, caused vaso-constriction if added to blood already 
perfusing lungs and kidney. The action lasted for 5 or 10 minutes before 
detoxication took place, depending upon the intensity of the reaction 
and the original rate of blood flow. There was no difference between 
the action of blood which had been merely allowed to stand since with- 
drawal from the animal and that which had been circulated in the per- 
fusion system prior to standing. Toxic properties develop gradually, 
and a slight reaction may usually be demonstrated after about 2 minutes’ 
stagnation. 

Since the lungs are able to remove the vaso-constrictor principles, 
experiments were performed to determine whether or not defibrinated 
blood had a constrictor action on the pulmonary vessels themselves. 
The lungs were fixed in the reservoir chamber but, instead of perfusing 
by the gravity feed, the pulmonary cannula was attached to the pump 
and the lungs perfused at a pressure of 26 cm. saline and a flow of about 
300 ¢.c. per minute. Defibrinated blood either from the animal or from 
the perfusion system, after being allowed to stand, showed a vaso- 
constrictor action on the pulmonary vessels when added to the blood 
in the reservoir. But the effect was not of long duration. For instance, 
140 c.c. of blood which had been standing in a thermos flask for 30 
minutes, when added to 250 C. o. of perfusing blood, caused a constriction 
which lasted for only 2 minutes. From these experiments it would seem 
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likely that the lungs alone might be responsible for the removal of toxic 


perties. 

But the possibility of the kidney playing some part is not excluded, 
although it is impossible to make any good comparison between the two 
tissues because of the differences they present in resistance to perfusion 


and in the degree of their response to other vaso-constrictor substances. 


Perfusion at a low pressure is sufficient to set up a large flow through 
the lungs, which is only slightly reduced by defibrinated blood. Thus a 
large volume of blood can be circulated through the lungs and de- 
toxicated”’ in a short time. A tissue, such as the kidney, if it possesses 
a considerable resistance, may have little detoxicating power because of 
its relatively small blood flow. It is perhaps for this reason that the 
lungs are regarded as the chief detoxicating agent for defibrinated blood. 
But in the early phases of some experiments when a large kidney 
(40-50 g.) was being perfused, the renal blood flow began to increase 
before the lungs were incorporated in the circuit. Thus, in one experi- 
ment, when the kidney had been perfused for 2 minutes at a pressure 
of 90 mm. Hg the flow was 132 C. 0. per minute. Two minutes later it 
had increased to 160 C. 0. per minute, and 6 minutes later was over 
190 C. 0. per minute. At this point the lungs were added to the circuit, 
and there was a diminution in renal flow due no doubt to the presence 
of small quantities of stagnant blood in the lungs. The flow then increased 
and ultimately became steady between 177 and 184 c.c. per minute, 
the pressure being constant all the time. The increase in flow through 
the kidney before the lungs were added to the circuit might have been 
due in part to the removal of toxic materials, and in part to the pro- 
duction and accumulation of CO, in the blood, as is suggested by the 
smaller flow with the lungs in circuit and the blood aerated. It shows 
definitely, however, that the kidney can be perfused in the absence of 
any circulation through lung tissue. But, though the blood might be 
oxygenated by other means, the incorporation of the lungs brings many 
advantages. In the preparation here described, and in the heart-lung- 
kidney preparation, the blood supply to the kidney may be shunted 


and the blood rapidly detoxicated if necessary by passing through the : 


lungs many times before any portion reaches the kidney. 


(b) Effect of removing the lungs from the perfusion circuit. 
In ten experiments the lungs were removed from the perfusion circuit 


after a steady renal blood flow had been established, and on no occasion 
did the blood develop toxic properties. 
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To cut out the lungs, blood was diverted from tube 8 and the pul- 
monary cannula into tube R (Fig. 1) which led directly to the reservoir. 
Results from two typical experiments are given in Table I and Fig. 3. 


Taste I. Effect of removing lungs from circulation. Lungs out 12.31-12.41. Weight 
of kidney 52 g. CO, in expired air 2-3 p.c. Temperature of perfusing blood 38° C. 


Blood 
Blood flow 7 —— 
Time (0.0. / min.) O, P. o. CO, p. o. 
12.15 — 18-4 31-2 
12.27 141 
12.29 140 
12.30 139 
Lungs out of circuit 
12.31 141 
12.35 145 
12.39 156 
10 — 14˙5 44-1 
Lungs in circuit 
12.42 146 
12.45 141 
12.48 135 
12.50 135 


During the first experiment „ of blood for estimation of O, and 
CO, were taken immediately’ before and during the period when the 
lungs were excluded from the circulation. Both experiments demonstrate 
that there is no immediate change in the renal blood flow following the 
removal of the lungs beyond a slight vaso-constriction due to blood 
which has been standing in the connecting tubes being washed into the 
reservoir and circulated. After about 5 minutes and until the end of 
the period there is a slight increase in blood flow indicating a fall in 
resistance. This is also additionally demonstrated in Fig. 3 by a slight 
fall in blood-pressure. Anox#mia and accumulation of CO, are no doubt 
the cause of the vaso-dilatation, for the blood becomes much darker in 
colour within 5 minutes, and the blood estimations given in Table I show 
that, in this experiment, the O, content fell from 18-4 vols. p. c. to 14-5 
while the CO, content rose from 31-2 vols. p.c. to 44-1. 


FORMATION OF URINE BY THE KIDNEY. 

Over forty experiments have been performed in which the kidney 
has excreted a fluid which is undoubtedly urine. The specimens obtained 
in the early phases of an experiment are straw coloured, but the later 
ones are paler. At the commencement the urine is acid (pH 6:8) but 
gradually becomes alkaline (pH 8-0). There is no protein present. In a 
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few experiments where there was delay in establishing the renal circu- 
lation or where the blood flow was interrupted, traces of albumin and 
hemoglobin have occurred in late specimens, but this is exceptional. 
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Fig. 4. Effect of adding urea to circulating blood. 1 g. of urea in 5 0. o. 
of saline added to blood at point shown by arrow. 


The rate of urine formation varies as expected with changes in the 
pressure of the perfusing blood. 


Chlorides (estimated by Volhard’s method) are present usually in 
a concentration lower than that in the plasma, although in four experi- 
ments, including the one described below, it has been higher. The 
chloride concentration gradually falls away during an experiment, 
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though it does not appear to do so as rapidly as in the urine obtained 
in the heart-lung-kidney preparation. ae 

Urea (estimated by the urease method) is present in the urine in a 
higher concentration than in the plasma. Fig. 4 depicts the course of a 
typical experiment and shows the diuresis consequent upon the addition 
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Minutes 
Fig. 5. Action of pituitary extract. 0-05 c.c. Parke Davis’s Pituitrin added to 400 c.c. 
blood. Pressure controlled by adjustment of pump. Weight of kidney 30 g. Temp. 

38° 
of 1 g. of urea in 5 0.0. of saline to the circulating blood. During the 
diuresis there is an increase in the concentration and total amount of 
chloride excreted. 


The action of pituitary extract. 

The response of the perfused kidney to this should be a good test of 
its viability. Since the concentration of chloride in the urine formed by 
this preparation never falls so low as it does in the urine from the heart- 
lung-kidney preparation, pituitary extract has not so good a background 
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on which to show its action. Nevertheless, the addition of small quan- 
tities (0-05 c.c. Parke Davis’s “Pituitrin”) of the extract has always 
caused a diminution in blood flow, a diminution in the rate of urine 
formation and an increase in the chloride concentration of the urine. 
The results of an experiment are shown in Fig. 5. The perfusion pressure 
was kept constant by adjustment of the stroke of the pump. 


Summary. 
1. A method of perfusing the isolated dog’s kidney with a pump is 


described. 


2. The part played by the lungs in detoxicating defibrinated 
blood is discussed and experiments described in which the kidney has 
been perfused in the absence of lung tissue. 

3. The kidney forms urine and responds to urea and pituitary 
extract. 
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ON THE CREATINE AND PHOSPHORUS CONTENT 
OF MUSCLE. 


By MARION BROWN! anp C. G. IMRIE. 


(From the Department of Physiology, The University, Sheffield.) 


Ir is well known that the concentration of creatine in the skeletal muscles 
of mammals (dog, cat, rabbit) may be increased by the oral, subcutaneous 
or intravenous administration of this substance [F olin and Denis, 1912; 
Myers and Fine, 1913 a]. The increment in the muscle creatine recorded 
by these observers varies from 5 to 27 p.c., except in one experiment of 
Folin’s {1912], where an increase of 70 p.c. was found in the muscles of 
a cat following the absorption of creatine from a loop of its intestine. 
Since no quantitative relationship appeared to exist between the amount 
administered and that taken up by the muscles in these experiments, 
it seems likely that the capacity of the muscles to take up creatine must 
be influenced by some factor or factors other than its concentration in 
the blood or-body fluids. 

At the time when the experiments referred to above were performed, 
nothing was known regarding the chemical combination in which creatine 
exists in the muscle, but since the work of Fiske and Subbarow [1927] 
and G. P. and P. Eggleton [1927], it appears that the greater propor- 
tion, if not all, of the creatine in the striated muscles is present as an 
unstable compound with phosphoric acid, which disappears during fatigue 
and reappears at some stage in the recovery process. These observations 
suggested to us the possibility of the phosphoric acid exercising a con- 
trolling influence on the capacity of the skeletal muscle to take up 
creatine, and in order to test this hypothesis the concentration of phos- 
phoric acid and of creatine in the muscles of cats has been determined 


under certain experimental conditions which included the administra- 
tion of creatine and of phosphates. | 


METHODS. 
The phosphorus was determined by the Eggletons’ [1927] modifica- 


tion of Brigg’s method. The muscles were freed from fascia, in situ, care 
1 Né Marion Hirst. 
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being taken to avoid stimulation. Pieces of muscle, about 400 mg., were 
removed, rapidly weighed on a torsion balance and immersed in liquid 
air until frozen. Subsequent manipulations were carried out at approxi- 
mately 0° C.; the dishes and reagents employed were surrounded by a 
freezing mixture. The frozen tissue was crushed in a mortar and extracted 
with 5 p.c. trichloro-acetic acid. The colorimetric procedure was carried 
out on the filtered extract; phosphate solutions of appropriate strengths 
were used as standards. Readings were made 2, 4, 6, 8 and 50 minutes 
after the addition of the reagents to the extract. The values obtained 
for the first four readings plotted against time on a graph fall on a 
straight line. The value for zero time was obtained by extrapolation. 
This value gives the free inorganic phosphorus, that at the end of 


50 minutes the total phosphorus! and the difference between these values 


the labile phosphorus (phosphagen). The creatine in the muscle was deter- 
mined by Folin’s method [1914], but smaller amounts of muscle were 
used: the water content by drying to constant weight in a desiccator 
in vacuo. 

Cats anzsthetized with chloralose were used. Anssthesia was first 
induced with ether, followed by intravenous injections of chloralose, 
5 c.c. of a saturated solution per kg. of body weight. In a few instances 
it was necessary to give additional chloralose during the course of the 
experiment. 

RESULTS. 


Determinations as described above have been made on thirty-one 
muscles removed from twenty cats. They represent in the main control 
observations carried out at the beginning of the experiments about to 
be described. The results are set out in Table I. 

The results are arranged in order of decreasing values of creatine. 
Certain points arise on which comment may be made. The amount of 
creatine in the muscles of cats varies widely, between 603 and 402 mg., 
the average for the whole series being 531 mg. per 100 g. of moist tissue. 
Variations of a similar order have been reported previously [Pekel- 
haring and van Hoogenhuyze, 1910; Myers and Fine, 1913 b; 
Folin and Buckman, 1914; Eagles, 1928] and others. Not only does 
the creatine content of the same muscles in different cats vary, but 
considerable variations exist in the different muscles of the same cat. 
This has been observed previously by the investigators to whom reference 
has just been made. According to Mellanby [1908] the concentretion 


1 By total phosphorus is meant the total acid-soluble phosphorus. 
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I. 
Total ere Labile Water content. 

Creatine phosphorus? (p.0.) 
Grovr 1: 603 97-8 28-0 69-8 71-9 
583 78˙ 6 27-0 51-8 74˙2 
581 80-0 17-0 63-0 745 
576 98-7 21-5 77.2 13-7 
573 94:4 20-5 73-9 74-5 
570 100-8 24-5 76-3 73-9 
569 94-5 19-0 75°65 74-2 
560 85-1 29-0 56-1 71-7 
559 97-3 72-8 741 
552 91-9 22-5 69-4 72-6 
543 102-2 15-0 87-0 740 

537 86-1 17-0 69-1 73-6 
536 84:5 25-0 59-5 68-2 
535 94-0 79-0 73-6 
523 89-3 15-0 74-3 72-4 
515 78˙2 18-0 60-2 74-0 
504 98-4 25-0 73-4 69-5 
504 100-4 26-5 73-9 13-4 
Averages 551 91-8 21-6 70-1 712-9 
Grove 2: 499 91-5 210 70˙5 72-7 
496 91-1 26-0 65-1 71-5 
492 83-1 32-0 51-0 69-3 
487 88-3 26-5 61˙8 70-8 
485 86-8 25-0 61˙8 73˙6 
482 85-4 21-0 64-4 71-9 
470 83-9 19-0 64-9 71-1 
486 83-0 30-0 53-0 72-4 
456 89 · 9 21-5 68-4 70-5 
450 87 ·8 23-0 64:8 72-4 
444 71-6 24-0 47-6 74-0 
407 80-9 17-0 63-9 71-3 
402 83-9 26-0 57-0 74-0 
Averages 463 85-0 24˙0 61-1 71-9 
Difference +19 +8 -10 +147 +1-4 

(p.c.) 


Creatine and phosphorus are given in mg./ 100 g. moist tissue, 

2 In alll tables by total phosphorus is meant total acid-soluble phosphorus. 
of creatine in the muscles of newly born kittens is very low, 177 mg. per 
100 g., and Myers and Fine [1913 ö] found that the amount of creatine 
in the muscles of kittens increased during the first seven weeks of life, 
when the concentration of the adult muscle was attained. The cats used 
in our experiments were all older than this, so that age does not account 
for the differences observed. 

The amount of “total phosphorus’ contained in the muscle also 
varies over a fairly wide range, from 102-2 to 71-6 mg. per 100 g. The 
inorganic phosphorus varies more widely still, and such variations must 
be reflected in the labile phosphorus, since this value is derived from the 

difference between the total and i inorganic * 
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1 
_ 


Ae In Table I, with few exceptions, high values for creatine tend to go 
: along with high values for total phosphorus, the average for the first 
1 group being 19 and 8 p. o. respectively higher than those of the second. 
ie As the average values for the inorganic phosphorus in the two groups 
differ in the opposite sense, those for labile phosphorus are lower in the 
: a second group than in the first by more than those for the total phos- 


phorus, 9 mg./100 g. as compared with 6-8 mg./100 g. If in phosphagen 
there is one atom of phosphorus to one molecule of creatine, since 
Group 1 contains 9 mg. more labile phosphorus than Group 2, the corre- 
: sponding increase in creatine would be 38 mg.; the actual increase is 
88 mg./100 g. As there are 6-8 mg. more total phosphorus in Group 1, 
tue corresponding amount of creatine would be about 28 mg. 


Control experiments, cate, chloralow, 
Total Inorganic Labile 
Time water 
8 En.) Creatine oontent Muscles 
Exp. xxviii: 
13 3.0 535 15-0 79-0 73-6 L. rectus femoris 
Ws 4-0 543 102-2 15-0 87-2 74-0 R. rectus femoris 
ong 4.45 570 100-8 24-5 76-3 © 739 L. tibialis anticus 
ye 5.30 576 98-7 21-5 77-2 73.7 R. tibialis anticus 
&T 63-4 14-1 0-5 
tion (p. o.) 
Exp. xi: 
12.50 470 83-9 19-0 64-9 71:1 L. rectus femoris 
3.15 487 88-3 26-5 61-8 70-8 R. rectus femoris 
5.0 496 91-1 1 71-6 L. tibialis anticus 
Maximal varia- 5 ·5 8-6 36-9 5-3 1-0 
tion (p.c.) 
The maximal variation is expressed as a percentage of the lowest value in each experi- 
ment. 


Table II gives the results of two control experiments in which 
different muscles of the same cat were examined at intervals varying 
from 11 to 2 hours in order to ascertain the degree of variations in the 
creatine and phosphorus content under such conditions. Differences in 

180 the concentration of these constituents do exist; the maximal variation 
in the creatitie'is 7-7 p.c., that of the total phosphorus 8-7 p.c. Differences 
of a higher order appear in the inorganic phosphorus, and this naturally 
1 affects the values for the labile phosphorus. 

| On four occasions, 200 mg. creatine per kg. of body weight were 
injected intravenously in a concentration of 1 p.c. in normal saline. 
Muscles were removed for examination before and at varying intervals 


PH. LXXI. 15 


* 
i 
7 
‘pee 
| 75 
| 
is 
— 
* 
4 
* 
g 
— 
— om 
4 
2 
4 
“ft 
Ay 
* 
75 
7080 
1 
i 
ap 


218 M. BROWN AND C. G. IMRIE. 


of time after the injection: The figures for these experiments which are 
shown in Table III are inconclusive. In one instance, Exp. ii, the concen- 
tration of creatine in a muscle 2 hours following the injection is actually 
less than in a muscle removed before the injection was begun, whereas 
in Exp. iii, an increase of approximately 17 p.c. occurred. The concen- 
tration of total phosphorus presents certain variations, but of an order 
no greater than in the control experiments. Similar comments may be 
made regarding the inorganic and labile phosphorus. 


Tam III. Before and after intravenous injections of creatine. 
Total Inorganic Labile Water 
content 


iv Before... ... 482 85-4 21-0 64-0 71-9 


1 br. later. 501 84-9 12-0 72-9 70-8 
Variation (p.c.) 3-9 0-6 75-0 13-9 

ii Before 560 85-1 29-0 56-1 71-7 

2 hr. later 535 24-0 62-9 71:0 
1 Variation (p. o.) 4˙5 16 20-8 12-1 

iii Before... —... 492 83-1 32-0 51˙1 69-3 

Ihr. later. 575 876 88 276 60-1 — 

Variation (p. o.) 16-9 5-4 16-3 17-6 

vi Before... ... 504 98-4 25-0 713-4 69-5 

3 hr. later 523 102-5 28-0 74:5 70-6 

4} hr. later 536 108-9 30-0 78-9 70-5 
Variation ia) 6-3 10-7 20-0 6-1 


and left tibialis antious (in Exp. vi). 


It has been observed that an increase in the muscle creatine does not 
invariably follow the injection of creatine into the veins of a cat. Folin 
and Denis [1912] obtained more consistent results when the creatine 


was introduced into the duodenum after the renal arteries were ligated 


in order to prevent the excretion of creatine by the kidney. This pro- 
cedure was adopted therefore in other experiments. 

In six cats under chloralose the renal arteries were ligated but no 
creatine given. Pieces of different muscles removed for examination at 
intervals show no regular progressive increase in concentration of creatine 
and phosphorus. The variations are similar to those in Table II when 
reckoned in a similar way. 

In Table V are set out the results of five experiments where, after 
ligation of the renal arteries, creatine in large amounts (3 g.) was intro- 
duced into the duodenum. In one of these acid potassium phosphate was 
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Taste IV. Control experiments, cats, chloralose, ligation of the renal arteries, 
no creatine given, 
Total Inorganic Labile Water 


Exp. Time ‘Creatine (P. o.) 
xxi 12.0 583 78-8 27-0 51-8 74-2 
2 602 825 31-0 51-5 73-9 


8 
to 888 „8882 


2 4˙8 


8 
3 


70˙3 72-7 
104-2 22-5 81 ˙5 72˙3 
72˙5 


2 8888 838 888 
288 


Maximal variation (p. o.) 1 2 
Average of percentage maximal variation: Creatine 4-6 
Total phosphorus 11-2 


Muscles were removed in the following order, left rectus femoris, right rectus femoris, 
left tibialis anticus and right tibialis anticus. 


given as well; the dose, however, was too small to effect the concen- 
tration of phosphorus appreciably. N doses — to be or, 
presumably due to the potassium. Sas 
The figures show quite clearly that the 8 in the b 
of creatine and phosphorus are not only of a higher order than in the 
controls, but the concentrations appear to increase progressively through- 
out the experiments, whereas in the controls the variations were some- 
what irregular. The average percentage increase for the creatine is 11-6, 
| 15—2 
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for the phosphorus 17-2, an increase of 7 and 6 respectively above the 
maximal variations in the controls. 


into the duodenum. 
Total Inorganic Water 
Exp. Time Creatine (P. o.) 
xiii 12.10 407 80-9 17-5 63-4 71-3 
2.50 398 82:8 24-0 58-8 70-4 
4.20 — 99-1 20-5 79-1 71-6 
Maximal variation (p. o.) — 23-2 
xiv 12.40 456 83-0 30-0 53-0 70˙5 
3.50 483 92 ·5 25-0 67:5 71-4 
4.30 507 101-3 36-0 65-3 71-8 
Maximal variation (p.c.) 11-2 22-0 — 
xv 12.40 450 87-8 23-0 64-8 72-4 
3.10 461 92-8 24-0 68-8 13-0 
5.10 492 95 · 9 18˙5 774 72-6 
Maximal variation (p.c.) 93 9-3 
xvi 11.40 456 89-9 21˙8 88 ˙4 — 
2˙0 468 89-8 20 · 5 60-3 72-1 
4.0 485 103-0 79-5 
? 5.10 501 102-0 28-0 74-0 718 
Maximal variation (p. o.) 9-9 13˙⁵ 
xix 1.0 485 86-6 25-0 61-6 73-6 
3.20 489 87 · 9 28-5 59-4 721 
5.20 563 102-2 40-0 62-2 
Maximal variation (p.c.) 16 18-1 
Average of percentage increase Creatine 11-6 
Total phosphorus 17-2 
Average of percentage maximal variation (Table IV): Creatine 46 
| Total phosphorus 11-2 
Average of percentage increase above maximal varia- Creatine 70 
tion in the control experiments; Total phosphorus 6-0 


The muscles were removed in the same order as in the preceding table, 


CoNncLUSIONS, 
1, In the muscles of normal cats when the amount of creatine is high 


there is a tendency for the concentration of total acid-soluble phosphorus i 


and the proportion of it present as phosphagen also to be high; although 


this is not constantly the case, as if a certain portion of the creatine inn 


muscle were present not as phosphagen. 
2. When the concentration of creatine in the muscles is increased 
following the absorption of creatine introduced into the duodenum, there 
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is evidence that the concentration of total acid-soluble phosphorus is 
also increased. 


It is a pleasure to acknowledge our indebtedness to Prof. Leathes 
for his interest and advice. 
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THE INFLUENCE OF CREATINE ON THE 
. EXCRETION OF PHOSPHATES BY THE 
KIDNEY. 


By MARION BROWN ano C. d. IMRIE. 


(From the Department of Physiology, The University, Sheffield.) 


Ir has been established that creatine forms an unstable compound with 
phosphoric acid in the voluntary muscles of vertebrates [Fiske and 
Subbarow, 1927; G. P. and P. Eggleton, 1927]. There is evidence too 
that the concentration of the total acid-soluble phosphorus in the muscles 


of cats tends to be high when the amount of creatine is high normally 


or is increased experimentally [Hirst and Imrie, 1931]. It seemed 
reasonable to suppose, therefore, that if creatine introduced into the 
body does enter into combination with phosphoric acid, the excretion 
of phosphates in the urine might be affected. Accordingly, the experi- 
ments about to be described were undertaken to ascertain whether or 
not this were so. 

In preliminary experiments large amounts (3 g.) of creatine were 
introduced into the duodenum of cats; subsequently smaller quantities 
were given, but then a difficulty arose from the fact that the kidneys 
in some cases yielded very little urine, in others very much, and so, to 
ensure the secretion of sufficient urine, caffeine citrate was given along 
with the creatine. In later experiments, however, in which creatine was 
administered intravenously into decerebrate cats, an adequate diuresis 
occurred after creatine alone was injected. 


_ EXPERIMENTS. 

The excretion of phosphates in the urine after the introduction of creatine 
and caffeine citrate into the duodenum. Cats under chloralose were used. 
A canula was tied into the duodenum and a catheter inserted into the 
bladder through a suprapubic opening in the urethra. The urine was 
collected half hourly. The amounts of creatine introduced varied from 
279 mg. to 68 mg. per kg. of body weight. It was dissolved in 0-2 p.c. 
caffeine citrate, of which 85 c.c./kg. of body weight were given. This 
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was run into the duodenum at a uniform rate in 3 hours. The phosphates 
were determined by Brigg’s method, creatine and creatinine by the 


methods of * 


Err. 1 


Fig. 1. 


xr. 6 Creatine Administered 148 


ce. 
Creatine not Excreted 77 
P,O, 
Exp. 8 Creatine Administered 148 mg. /kg. 
Creatine not Excreted 91 mg. /g 
- 80 


Fig. 2. 


Fig. I. Output of phosphates in urine following introduction of 0-2 p. o. caffeine citrate 
(85 .c.c,/kg. body weight) into duodenum of cats. 


ne into the duodenum. 


In three oontrol experiments 3 citrate alone was given. The 
results are plotted in Fig. 1. In Exp. 1 after the first period the rate of 


excretion remains uniform, notwithstanding a twenty-fold 
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variation in the volume of urine. In Exp. 2, where the initial rate of 
output is low, and in Exp. 3, where it is high, the half-hourly rate of 
phosphate elimination tends to vary direotly with the volume of urine. 
In caffeine citrate diuresis, therefore, the rate of phosphate excretion 
may remain uninfluenced or is increased along with the diuresis. 

With creatine the picture is different. The output of phosphates is 
strikingly reduced when sufficient creatine is given (Fig. 2). With amounts 
of creatine corresponding to 280 and 148 mg. [kg. of body weight, the 
phosphates practically disappear from the urine for a time, no colour 
reaction is obtained with Brigg’s method and uranium acetate gives 
negative results too. 

In three experiments, with smaller amounts of creatine (100 mg./kg. 
body weight), the drop in the curve of phosphate excretion is not so 
marked or uniform as with the larger amounts. After 68 mg. creatine 
per kg. of body weight the output of phosphates remains unchanged 
when the diuresis comes on (Fig. 3). | 

When figures for the amount of creatine retained in the body, rather 
than the amount introduced, are examined, it appears that it is the 


_ creatine retention which determines the extent to which the phosphates 


are (retained Table I). 
I. 
Creatine introduced Diminution of 
5 148 101 Marked | 
6 148 76 Marked 
100 — Moderate 


The amounts of creatine introduced in these experiments is not large 
in proportion to the amount in the muscles. There are approximately 
2 g. of creatine per kg. of body weight in the muscles of a normal cat, 
so that a retention of 127 mg./kg. would only increase the total creatine 
just over 6 p.c. Increases of creatine in muscles larger than this have 
been recorded in experiments of our own as well as those of others. 

_ The excretion. of phosphates in the urine following the administration 
of creatine intravenously. Decerebrate cats were used. Creatine was dis- 
solved in normal saline, of which 85 c.c./kg. of body weight were injected 
into the external jugular vein at a uniform rate in 3 hours. The injections 
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; Creatine Administered 200 mg. /kg. 


Administered 68 
mg. | Injection 
10 
Creatine Administered 100mg. /keg. 
Exr,® Creatine not Exoreted 25mg. /kg. 
10 
} Urine 
10 — — P.O, 
5 
hee Hours 
Expr. 12 Control Isotoni¢ Saline 85cc./kg. 
Injection Time 
jae Creatine Administered 100mg. /kg. 
‘ Creatine not Excreted 20mg. /kg. 
Time. 
‘ 10 P.O, 
*Urine 
— Hour 
Exr.11 Control Isotonic Saline 88 co. 
Administered 100mg. 
Injection Time 
Injection 
20 20 
10 P,0, 
1 ‘ ; ‘Hours 
Fig. 3.. Fig. 4, 


Fig. 3. Output of phosphates in urine following introduction of creatine and caffeine 
citrate into duodenum of cats. 

Fig. 4. Output of phosphates in urine following administration of creatine intravenously 

Continuous lines P, O, mg./half hour, 

Broken lines = Urine o. o. half hour. 
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In two control experiments saline alone was given (Fig. 4). The 
output of phosphates i is maintained or increased with the diuresis. But 
with creatine, again, the phosphates are reduced and, as in the ane 


Administered 148 


; administration of creatine intra venously. 
group of experiment, the effects are most marked when the amount of 
creatine retained is greatest. In Exp. 13, Fig. 4, where the largest 
amount of creatine was retained, the excretion of phosphates was in 
abeyance for at least 3 hours, and in Exp. 14 the output was much re- 
duced, and here again a large proportion of the creatine injected did not 
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appear in the urine. As the results in Fig. 5 show, the excretion of phos- 
eh; changed less regularly when smaller amounts of creatine are 
retain 

If creatine introduced into the body does combine with phosphoric 
acid, the. phosphates may be retained along with the creatine, and the 
output in the urine diminished until additional phosphate is furnished, 
presumably from the bones. The phosphorus in the blood, however, we 
have found to be above the normal amount when the urinary phosphates 
are low or have disappeared. At least this is so in the dog. Creatine 
was introduced into the stomach of a dog with a gastric fistula, and the 
phosphorus and creatine in the blood and urine were determined (Table II). 
It will be seen that values for the blood phosphorus may be higher than 
normal when phosphates are not present in the urine. 


Taste II. 2-5 g. creatine in 100 0. o. water introduced into the stomach 


of a dog at 10.40 a.m. 
Blood Blood 
Time phosphorus creatine 
10.40 2-69 18-1 
11.40 2-16 8-65 —— 
12.40 2˙72 5-74 — 
1.40 2-80 5-03 — 
2.40 3-46 3-16 — 
3.40 3-42 2-56 6-6 


Figures for blood phosphorus and creatine express mg./100 0. o., for urinary phosphates, 


In the experiments on the cats it is impossible to determine accu- 
rately how much phosphate was actually retained. In the early stages 
of some of the experiments the volume of urine was small and it was 
difficult, therefore, to collect it completely; in such instances the values 
for the phosphates may be low. However, in Exp. 4, where calculations 
may be made, approximately 95 mg. of phosphate as P,O, were retained 
along with 300 mg. of creatine. If all the creatine were combined with 
phosphoric acid a larger amount of phosphate would be required. 


CoNCLUSIONS. 


1. The administration of creatine to cats is followed by a temporary 
reduction in the output of phosphates by the kidney. 

2. The reduction in the output of phosphates is most marked when 
the larger quantities of creatine are retained 1 than srt ie of 


body weight). 
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3. The concentration of phosphorus i in the blood may be ners the 
normal when the phosphates in the urine are absent. 
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The expenses of this research were defrayed by the Medical Research Council. 
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THE EQUILIBRIUM BETWEEN OXYGEN AND 
HASMOGLOBIN. 


I. The oxygen dissociation curve of dilute blood solutions. 
By W. H. FORBES anp F. J. W. ROUGHTON. 


(From the Physiological Laboratory, Cambridge, England and the 
Fatigue Laboratory, Morgan Hall, Harvard.) 


INTRODUCTION, 


Tun oxygen and carbon monoxide dissociation curves of whole blood 
and of strong solutions of purified hemoglobin have been widely studied 
in recent years, largely for the purpose of deciding whether the re- 
markable equilibria involved can be formulated by the simple laws of 
mass action, Most observers are now agreed that these dissociation 
curves are, in case of whole blood and of strong solutions of purified 
hemoglobin, S-shaped in character, especially if precautions are taken 
to maintain constancy of pH throughout the whole curve. 

The dissociation curves of weak solutions of purified hemoglobin and 
of blood have, however, been reported to be on occasions approximately 
hyperbolic [Hartridge and Roughton, 1925; Barcroft, 1928], but. 
the data on weak solutions are relatively sparse, and have been ob- 
tained almost entirely by optical methods, which in general suffer from 
the drawback that it is difficult to allow satisfactorily for errors arising 
from the formation of inactive hemoglobin (such inactivation is par- 
ticularly prone to occur in dilute solutions). Each individual optical 
method, furthermore, suffers from other disadvantages. Thus for example, 
the reversion spectroscope method used by Hartridge and Roughton 
[1925], as these authors pointed out in their paper, is at best only 
accurate to about 3 p. o., and furthermore is limited in its application to the 
middle of the dissociation curve, which is perhaps the least decisive part 
of the curve as regards the issue ‘‘S-shape versus rectangular hyperbola.” 

The photographic method of Hecht, Morgan and Forbes [Bar- 
croft, 1928], on the other hand, is peculiarly susceptible to variations 
of turbidity and of other adventitious factors in the hemoglobin solutions. 

The nature of the equilibrium between oxygen (or carbon monoxide) 
and hemoglobin in dilute solution is of especial chemical interest for 
several reasons. Thus, as shown by Adair [1925 a], itis only in the case 
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of dilute solutions, i.e. 4 p. o. hemoglobin or less, that the osmotic 
Pressure of hemoglobin is proportional to its concentration, and thus 
only in this range of concentration should it be possible to apply the 
law of mass action without modification. Furthermore, the only data at 
present available as to the kinetics of hemoglobin reactions are those 
which have been obtained on diluted blood solutions by Hartridge 
and Roughton [Hartridge and Roughton, 1923 a, 19236, 1925, 
1926; Barcroft, 1928]. 

For these reasons it seemed to us worth while not only to collect 
fresh data as to the dissociation curve in dilute solution, but also to 
introduce, if possible, methods more satisfactory for the purpose in 
view. The reader, who desires a more extended appreciation of the 
problem, will find it discussed in full in chapter xn of Barcroft’s 
Respiratory Function of the Blood, part 1 (Hemoglobin). cae 


In order to obtain a series of points on an oxyhemoglobin dissocia- 


tion curve it is, of course, necessary to measure in each case (a) the 
amount of oxygen combined with the hemoglobin, and (b) the oxygen 
pressure in the gas phase in equilibrium therewith. 

For the reasons mentioned above it was decided to make use of gas 
analysis methods, rather than of optical methods, for measuring the 
concentration of oxyh#moglobin. In view of the elusive nature of the 
problem and the large number of disturbing factors, it seemed important 
to obtain, if possible, concordant results by more than one independent 
method. In the course of the research, therefore, three different methods 
altogether were tried out: 

(a) Liberation of the combined O, from the blood solution by 
K,FeCy, in the Van Slyke-Neill portable manometer [1927], the 
technique being modified so as to cope with the dilute solutions em- 
ployed. The pressure of O, in the gas phase of equilibrium can then be 
readily calculated from a knowledge of the total O, present initially and 
the amount of O, finally present in solution. 

(6) Equilibration of blood solutions which were at the outset com- 
pletely reduced, with a gas phase containing a known amount of oxygen. 
Analysis of the gas phase after equilibrium had been reached gives both 
the pressure of O, in the gas phase at equilibrium and the loss of O. 
from the gas phase, which latter should, after a small correction for the 
O, in physical solution has been applied, give the amount of O, combined 
with the hemoglobin. | 

This type of method has already been used by Bohr [1909] and 
Ferry [1924] for whole blood and for strong hemoglobin solutions, but 
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in the case of dilute solutions the amounts of O, taken up are so much 
smaller, that the necessary accuracy in measurement would only be 
obtained by introducing modifications in the usual methods of gas 
analysis, which will be described in full at a later stage. 

(e) Liberation of the combined O, from the blood solution by shaking 
with carbon monoxide, the evolved O, being analysed by the Haldane 
gas analysis method. 

This method was found to be somewhat more cumbersome than (5), 
and was not pursued very far. 

Much delay was, as usual, caused by the detection and overcoming 


of unanticipated experimental errors, but at the end of the 4-month 


period, during which experimental collaboration between the two authors 
was possible, the results which had been obtained both by methods 
(a) and (6) were both sufficiently regular, and in the few cases in which 
comparison by the two independent methods was made on the same 
blood solutions sufficiently concordant to warrant being placed on record. 

In order that the results should be comparable with those given in 
other papers [Hartridge and Roughton, 1925; Barcroft, 1928], 
most of the curves were worked out on dilute buffered solutions of 
defibrmated sheep’s blood. On the basis of previous experience several 
precautions were adopted to reduce the likelihood of hemoglobin inac- 
tivation. (a) The pH range studied was limited to 7:8-9-3. (b) The 
buffered solutions were all made up from Ssrensen borate mixtures 
since, as shown by Brown and Hill [1923], boric acid acts as an 
excellent preservative for blood. (c) All experiments were carried out 
at temperatures below 20°C. (d) The hemoglobin was not purified 
prior to dilution with the buffer mixture, since Wu and Ling [1927] 
have shown that purified hemoglobin solutions are much more prone 
to inactivation on shaking than are diluted blood solutions. Data on 
solutions of purified hemoglobin have, however, been subsequently 
obtained by one of us (W. H. F.), and are recorded in another paper 
[Forbes]. 

It will be noticed that the great majority of the curves were obtained 
at pH 9-3. The reason for the choice of this pH as the staple one was 
not only that the blood solutions show maximum stability under these 
conditions, but also because at pH’s alkaline to pH 9-0 there is no 
appreciable difference between oxy- and reduced hemoglobin as regards 
the degree of ionization of the oxylabile H+ ion [Hastings, Van 
Slyke, Neill, Heidelberger and Harington, 1924], which is re- 
sponsible for the effect of pH on the dissociation ourve 
16—2 
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I. EXPERIMENTAL DETAILS. 


Method A. 


The adaptation to dilute blood solutions of the Van Slyke technique 
for determining the O, content of whole blood was carried out as follows: 


Fresh blood from one sheep was obtained at the slaughter-house and 


defibrinated at once by whipping. It was then immediately cooled to 
about 5° C. in order to delay bacterial action, taken to the laboratory 
and kept in the refrigerator. For the experiment a 10c.c. sample of 
the blood was laked by the addition of several parts of distilled water 
and, if necessary, a trace of saponin. To the laked blood solution was 
added sufficient of Sorensen’s borate buffers to bring the final dilution 
of the blood to about 1 in 30, and the concentration of the buffer to the 
standard value given in Clark’s tables [1928]. 

The blood solution was equilibrated with atmospheric air, and a 
measured portion (25 0.0. to 50 0. c.) introduced into a vacuous tono- 
meter (free from O:). A volume of air, depending on the pO, aimed at, 
was also introduced into the tonometer from an inverted burette with 
mercury reservoir attached (Fig. 1 A). The tonometer was then at once 
rotated in a water bath for a time, found to be sufficient for equilibration, 
viz. 15 minutes, removed and supported in a retort stand. 

About 20 0.0. of the blood solution was first withdrawn anaerobically 


into an inverted burette with a three-way tap (Fig. 1 A) by means of a 


mercury reservoir, and an exactly measured amount (usually 14 C. c.) 
was then transferred anaerobically into the chamber of the Van Slyke- 
Neill portable manometer. The latter operation was readily carried out 
by connecting the lead from the burette to the side tube leading from 
the top tap of the Van Slyke chamber (Fig. 1 A) and evacuating the 
connection once or twice before admitting the blood solution. Control 
tests with fully reduced hemoglobin solutions showed that the trans- 
ference of the solution from the tonometer to the Van Slyke could be 
accomplished without significant absorption of O, from the atmosphere. 


0-3 0.0. of a solution of 20 p. o. potassium ferricyanide + 4 p. o. NaOH 


previously equilibrated with air, was then introduced into the chamber, 
together with a drop or two of octyl alcohol, the mercury lowered to 
the 50 0.0. mark, and the chamber shaken for sufficient time (usually 
not more than 8 minutes were required to ensure the complete liberation 
of the oxygen gas). A blank analysis showed that the amount of dis- 


solved air introduced in the ferricyanide solution only involved a correc- _ 


tion equivalent to 2:5 p. o. of the total O, combining capacity of the 
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| _ blood solution, and that the error involved by uncertainties in this 
cCorreotion could be made negligible. 

) T The procedure just described has two advantages over the usual 
_. technique, namely: (1) The time taken in evacuating the ferricyanide 
solution in each experiment is saved. (2) The presence of 4 p.c. NaOH 
in the ferricyanide prevents the elimination of CO,, the absorption of 


Fig. 1A. Fig. 1B. 


a which prior to the O, absorption is consequently rendered unnecessary. 
2 The absorption of O, from the evolved gas is then carried out in the 
usual way by means of the sodium hydrosulphite reagent. 

Calculation of oxygen pressure and amount of oxygen combined with 
hemoglobin. The total amount of O, in each c.c. of solution was calcu- 
lated from the Van Slyke analysis in the usual way, allowance being 
made for the volumes of gas phase and liquid phase in the chamber 
being different from those usually employed. 
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The oxygen pressure in the tonometer after equilibration 


O, introduced i id 0 fluid 
5 4 Volume of gas phase in tonometer 75 
The O, combined with hemoglobin in each c.c. of fluid 

= 0, content per c.c. of fluid — vol. O, in physical solution per o. o. 


The vol. O, in solution per c.c. is calculable from the final pO, in the 


gas phase of tonometer and solubility coefficient of O, in blood solution, 


which can be assumed = solubility coefficient of O, in water with neglig- 
ible error in the final result. | 

Accuracy. The extent to which this method is subject to chance 
experimental errors is indicated by the series of duplicate analyses, 
carried out on solutions both of relatively high and of relatively low 
O, content, and given in Table I. 

The degree of concordance is nearly the same as that reached by 
Van Slyke and his co-workers on samples of whole blood, of total O, 
combining capacity comparable with that of the 15 c.c. samples of blood 
solutions used in these experiments. In the determination of a whole 
dissociation curve it was not found practicable for a single observer to 
make more than one analysis of the blood solution from each tonometer, 


but from the results given in Table I it may be concluded that such _ 


- single analyses are probably reliable as a rule to about 1 p.c. of the total 
O, combining capacity of the blood solution. 


Tan I. O, per c.c. found, 


Solution 4 B 0 D 2 
Sample 1 0-00636 0-00617 0-00059 0-00016 0˙00041 
Sample 2 0-00640 0-00617 0-00056 0-00007 0-00046 
' Discrepancy between 0-8* 0 0-6 1-8 1 
two (P. 0.) — 
Mean =0°8 


«it ee which equals the usual gas combining capacity of 

_ Rapidity of the method and stability of the hemoglobin solution. The 
present method has the advantage that, in the case of each point on 
the dissociation curve, the whole of the experimental operations, be- 
ginning at the introduction of the blood solution into the tonometer 
and ending at the liberation of O, in the chamber of the Van Slyke, 
can be completed within 30 minutes. The relatively short time occupied 
by the procedure, together with the advantage that at the temperature 
employed in this work, viz. 19° C., it is unnecessary to reduce the blood 


x 760 mm. Hg. 
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solution before admitting it to the tonometer, reduced considerably the | 


possibility of irreversible inactivation of the hemoglobin during the 
experiment. Tests in which the blood after being rotated in the water 
bath for 15 minutes was allowed to remain there for further periods before 


analysis showed that no appreciable loss either of actual O, content or 


of total O, combining capacity occurred for ? hour at least. 

In these tests the blood solution was initially either about 100 or 
15 p.c. saturated with O,. Unfortunately no tests were made on blood 
solution of about 50 p.c. O,Hb, which, according to Neill [1925], shows 
@ more pronounced tendency to inactivate than either fully oxygenated 
or fully reduced blood solution. 


Method B. The all-gas phase analysis method. 

The outlines of this method have been described in the Introduction. 
As already mentioned, the main difficulty which arises in working upon 
dilute solutions as compared with concentrated ones is due to their low 
oxygen capacity per c.c. Thus, when sheep’s blood is diluted 1 to 50, 
the oxygen in the resulting solution when the blood is fully saturated 
is about 0-0035 c.c. O, per c.c. of solution. With approximately equal 
volumes of 1 in 50 blood solution and gas phase, calculation showed 
that, in order to obtain an accuracy of 1 p.c. in estimation of the oxy- 


{ae hemoglobin concentration, it would be necessary to measure the partial 


pressure of oxygen (= O) in the residual gas phase to within + 0-003 p. c. 
atmos. approximately. In the ordinary small Haldane apparatus the 
partial pressure of O, in a gas mixture can only be analysed to within 
about + 0-04 p.c. atmosphere, and it was therefore necessary to amplify 
the accuracy at least fifteen-fold. This was achieved in the following 
manner: 

pO, required for the points on the dissociation curve ranged from 
0 to 15 mm. Hg. Instead of introducing into the tonometer sufficient N, 
(or other indifferent gas) to bring the total pressure of the gas phase up 
to atmospheric pressure, only sufficient N, was added to make the total 
gas pressure up to about 1/20 atmosphere (exclusive of water vapour 
pressure). 

At the end of equilibration about 200 C. c. of this low pressure gas 
phase was removed and then compressed to atmospheric pressure. The 
final volume of about 10c.c. so obtained was then analysed by the 
Haldane in the usual way, and it will be readily seen that by this device 
an error of 0-04 p.c. atmosphere (i. e. the maximum error which should 
arise in a properly conducted Haldane analysis) in the pO, of the final 
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sample is reduced to an error of about 0-04/20 = 0-002 p. o. atmosphere 
in the pO, of the low pressure gas phase. In essence the method is thus 
a combination of Haldane gas analysis with the McLeod vacuum 
1 
9 order that it should be possible to withdraw one or two 200 c.c. 
samples from the low pressure gas phase, without causing too large a 
gradient of pO, between the solution and the gas phase, 2-5 litre bottles 
were used as tonometers, and about 1350 C. 0. of 1 in 45 reduced blood 


solution placed therein. The accuracy would be improved further by 


increasing the ratio = ae 2 „but the limiting factor here is the 


vol. 
difficulty of shaking sufficiently e to ensure perfect equilibrium 
between the two phases. 
Since this modification of the Haldane apparatus and method has 


a general applicability wherever a greater accuracy is required in dealing 


with low oxygen pressures than that afforded by the usual method, it 
seems justifiable to describe the technique in some detail. 

Preparation of reduced blood solution. Sheep’s blood, obtained as 
above, was laked by the addition of water, 200 c.c. of water being added 


to 300 0.0. of blood, this proportion being chosen because it was the 
least dilution which would hemolyse substantially all the corpuscles. 


Sheep’s corpuscles are very fragile [Ry wosch, 1907]. This laked blood 


solution was then reduced by evacuation and low pressure boiling at 


about 20° C. It is possible to tell by the character of the bubbles and 
foam when this reduction is complete. As the evacuation and boiling 
proceeds there is a large quantity of coarse froth coming off the solution, 
and this in its thin films at the mouth of the flask shows the colour of 
oxyhsmoglobin even, after the solution itself looks entirely reduced. As 
the amount of oxygen gets very small the colour of this foam changes 
to the colour of reduced blood, and then rather abruptly the character 
of the bubbles changes and the foam disappears, being replaced by very 


large bubbles whose films may extend unbroken across the whole 


container. 50 C. c. of this reduced blood solution (which was the amount 
which contained the hemoglobin of 30c.c. of whole blood) were then 
transferred anaerobically to each of several 2-5 litre bottles which had 
previously been prepared as follows. 

A buffer solution was made by dissolving 124 g. boric acid and 40 g. 
NaOH in distilled water and diluting to 1 litre. 100 C. c. of this mixture 


1 It was desired to test out this combination for other purposes besides those of the 
present paper. Had this not been the case, Krogh’s [1920] gas analysis method (acourate 
to 0-001 p.c. atmosphere) could have been tried. 
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were put into each bottle with 1200 0.0. (in one experiment 1300 C. c.) of 
distilled water. This gives a pH of 9-2 [Clark, 1928] which was exactly 
the same for all the bottles. These bottles were then made oxygen- and 
nitrogen-free by evacuation, shaking, and low pressure boiling at about 
25° C. for about 20 minutes. 3 

The anaerobic transfer of the 50 c.c. of blood solution to these bottles 
was made as follows: A tonometer of about 50 0.0. capacity with a 
three-way capillary stopcock on each end was connected to the flask — 
holding the reduced blood solution, to the gas-free bottle with the buffer, 
and to the vacuum pump, in such a way that both it and its connections 
could be completely evacuated. Having evacuated the tonometer and 
its connections, they were allowed to fill with blood solution from the 
flask, this being accomplished by gravity, and also by having the tem- 
perature, and therefore the water vapour pressure, higher in the flask 
than in the tonometer. The taps were then turned so as to connect the 
tonometer with the bottle, and again with the help of gravity and water 
vapour pressure the blood solution went into the bottle. The volumes 
of solution and gas phase in each bottle were determined by weighing. 

Introduction of gas into bottles. Into this bottle, which had now 
1350 c.c. of blood solution and approximately 1150 c.c. of space with 
no gas other than water vapour, was introduced N, and air in accurately 
measured amounts, the total amount of gas introduced being about 
60 0.0. at N. T. P. (except for the highest O, pressures for which more was 
necessary). 60 c.c. in a space of 1150 c.c. gave roughly 1/20 of an atmo- 
sphere. For the bottles which were to have low O, pressures, 50 0. c. N. 
and 6-14 0.0. air were used; for medium O, pressures, 35 b. 0. N. and 
20-30 0.0. of air, and so on until, for high pressures, 50-150 C. C. of air 
without any N, were put into the bottles. | 

The N. was introduced by means of a 50c.c. measuring burette 
(graduated in 1/10 c.c.) in a water jacket connected with a movable 
mercury reservoir and also connected with a water manometer. The air 
was introduced by means of the Haldane, which is in effect also a 
water-jacketed measuring burette connected with a KOH manometer. 

Equilibrium of solutions. The bottles were then put into a water bath 
at 19° C. (sometimes 18-8°) and allowed to stand for some time, usually 
about an hour, so as to come to that temperature. Care was taken to 
have the bottles at approximately 19°C. when put in the bath and 
to treat them all alike, so that the temperature of all would be the 
same. 

From the bath they were transferred directly to a heat-insulating 
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jacket and shaken vigorously by hand for 7 minutes (in the later experi- 

ments 6 minutes), during which time control experiments showed that 
they would rise between 0-1° and 0-2°C. They were then returned to 
the water bath and stayed there until taken out for analysis, which was 


usually done from 30 minutes to 4 hours later. We found that standing 


in the water bath for any time up to 10 hours made no appreciable change 
in the composition of the gas. The time of shaking was about double the 
shortest time necessary to reach equilibrium. 


Analysis of residual gas phase in modified Haldane. For en 


the bottles were taken from the water bath and samples of the gas 
phases were drawn off into, and analysed in, a Haldane apparatus 
modified in the following way. The usual measuring burette of the 
Haldane was replaced by one graduated from 6 0. c. to 10 c. c. instead 


of from 7 0. o. to 10 0. 0., and on to the bottom of this burette was added 


a series of seven bulbs of 10, 20, 30, 30, 30, 30 and 30 c. o. capacity 
respectively, as shown in Fig. 1 B. These bulbs were calibrated and served 
two purposes. They were used to introduce the measured amounts of 
air, as the Haldane gave an excellent means of making sure that the 
air was all at the proper pressure and temperature, but their primary 
function was to make it possible, by lowering the mercury reservoir to 
70 cm. below the lowest bulb, to draw off about 8-5 c. c. of gas at N. T. p. 
from a bottle containing gas at 1/20 of an atmosphere (to wit, 60 c.c. 
of gas in 1150 c.c. of space). This was done by connecting the bottle to 
the Haldane and to the vacuum pump, running the mercury to the 
top of the Haldane, evacuating the connections, and then by turning 
the taps, connecting the bottle to the Haldane and lowering the 
mercury until its level inside the bulbs reached the 190 c.c. mark. The 

‘tap at the top of the Haldane burette was then closed, and the mercury 
reservoir raised so as to compress the enclosed gas from a pressure of 
1/20th atmosphere to a pressure of 1 atmosphere. The final volume of 
the enclosed gas would therefore be about 9 C. C., which could be accu- 
rately read on the Haldane burette and then analysed for N, and O. 
in the usual way. Sufficient data would now be available for the calcu- 


lation of a point on the dissociation curve’. The basis of the calculation 
is as follows: 


* The gas analysis can be avoided, if there is no CO, present, and if the aqueous vapour 
pressure both in the bottle and the Haldane (with its attached bulbs) is known to within 
0-01 mm. Hg; for in this case the pO, in the residual gas phase in the bottle can be deduced 
from a knowledge of the volume of the gas phase in the bottle, and of the volume of the 
gas sample before and after compression. This simplification has been tested out by one 
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an pO, in gas sample at atmospheric pressure (in Haldane) 
pN, in gas sample at atmospheric pressure 
2 low pressure hase in bottle 2 ‘ 


(2) PE in residual gas phase in bottle is calculated from the volume 
of the gas phase, the amount of N. (N. T. p.) introduced into the bottle, 
the volume of blood solution in the bottle, and the solubility coefficient 
of N, in the blood solution. 

(3) From (I) and (2) the pO, in residual gas phase in bottle is ob- 
tained and thence the amount of O, (N. r. r.) in the residual gas phase of 
the bottle. 

(4) By subtracting (3) from the total amount of O, (N. T. r.) introduced 
initially into the bottle, the amount of O, (N. r. p.) taken up by the blood 
solution is obtained. 

(5) The amount of O, (N. T. r.) in physical solution in the blood is 
calculated from the pO, in residual gas phase in the bottle and the 
solubility coefficient of O, in the dilute blood solution. 

(6) The amount of O, in chemical combination with the blood solu- 
tion is obtained by subtracting (5) from (4). 

(7) By plotting (6) against (3) a point on the dissociation curve is 
obtained. The actual percentage saturation of the hemoglobin is pro- 
portional to (6) and can be obtained, if desired, by dividing (6) by the 
0,-combining capacity of the solution determined separately. 

The solubility coefficients of O, and N, were taken equal to their 


, respective values for the solubility coefficients of these gases in water. 


This assumption is almost certainly correct to within 10 p.c., according 
to Ferry and Green [1929]. An error of 10 p.c. in the assumed value 


of the solubility coefficients would make a negligible error in the calcu- 


lation of the amount of 0, combined with the hemoglobin except in 
the case of the highest points on the dissociation curve, where the error 
would be about half that due to other sources. 

The calculation of a typical experiment is appended: 


(1) Vol. sample in Haldane at atmospheric pressure = 6-691 c. o. 


Vol. sample in Haldane at atmospheric pressure 
after absorption of O, (no CO, present) = 6-559 0. o. 
Vol. O, in sample =0-132 c.c. 


x in Haldane sample 0-132 _ 
in Haldane sample 


(2) Vol. of gas phase in bottle 1089 b. o. 
Amount of N, introduced 4515 c. c. N. r. r. 
Vol. of blood solution in bottle = 1448 c. o. 
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Solubility coefficient of N, in blood solution =0-0170. 
Temperature = 19° C. 


Then N, in gas phase (N. . r.) +N, in solution (N. . r.) =45-15 0.0. N. r. r.; 


therefore «1080+ x 1448 = 0. o. N.T.P. 


Whence pN, = 32-92 mm. 

(3) pO, in residual gas phase in bottles =32-92 x 0-02013 =0-6625 mm.; 
therefore O, in gas phase (x. T. r.) =0-8877 o. o. N. T. P. 

(4) Amount of O, introduced originally into bottle = 1-254 C. o. N. T. p.; 
therefore amount O, in solution = 1-254 — 0-8877 =0-366 0.0. N. T. r. 


0-6625 x 0-032 x 1448 
760 


(6) Total amount of O, in chemical combination =0-366 - 0-0403 =0-326 c.c. N. T. r.; 


therefore O, in combination per o. blood solution - =0-000225 N. T. r. 


pO, =0-66 mm. 


Accuracy of Method B. Chance errors. According to calculation the 
main source of chance error in this method arises from the gas analysis. 
If the low pressure gas phase is compressed twenty-fold before analysis, 
the uncertainty of + 0-04 p.c. in the Haldane gas analysis leads to a 
possible error of about + 0-4 p.c. in calculation of the percentage oxy- 
hemoglobin in the case of the blood dilutions and volumes used in the 
present work. With a ten-fold, instead of a twenty-fold compression the 
error is doubled, and therefore amounts to + 0-8 p.c. Lower degrees of 
compression (than twenty-fold) were used in the case of some of the 
points with relatively high O, pressures, but this could have been avoided 
(up to a final pO, of about 15 mm.) by introducing into the bottles gas 
mixtures containing a higher proportion of O, than air. Possible errors 
in measurement of temperature, volume and pressure of the gas phases 
are all individually much smaller, and even collectively would only 
amount to an equivalent of about 2 p.c. oxyhemoglobin! in the case 
of the highest points on the dissociation curve, and to proportionally 
lower amounts in the case of points of less oxyhæmoglobin percentage. 
In default of systematic errors it should therefore be expected that 
duplicates would agree with one another to within + 0-5 to + 1-0 p.c. 
oxyhemoglobin. Experimentally this proved to be the case. ä 

Four duplicate tests altogether were carried out and are recorded 
in Table II. 

In the two tests of December 18th a second sample was withdrawn 


(5) Amount of O, in physical solution = =0-0408 0.0. N. r. r. 


1 J. e. assuming the highly improbable contingency that all these errors, some ten in 
number, happened to be of the same sign throughout any one determination. 


* 
wes 
2 
8 
2 
2 
4 
~ < 
N 
„. 
2 
* 
aa 
2 
+ 
i> 
„ 


OXYGEN-HAMOGLOBIN EQUILIBRIUM. 2241 


Tam II. 


O, per o. o. 


combined pO, in mm. 


Des. Sth 

‘Bottle A 0-000815 1-7 

Bottle C 0-000843 1-67 0-8 
Deo, 5th | 

Bottle 0-00301 

Bottle 0-00301 871 1-0 
Dec, 18th 

Bottle C 0-00453 4-21 

Second sample from Bottle C 0-00448 4-26 10 
Dec. 18th | 

Bottle E 0-00487 10-78 

Second sample from Bottle E 0-00485 10- | o4 


Average discrepancy 08 


from each bottle and analysed and the results agree with one another 
to within 1 and 0-4 p. o., average 0-7 p. o. In the two tests of December 5th 
separate bottles were used, but owing to slight differences of their re- 
spective volumes the attempt to obtain exactly duplicate conditions 
failed. Thus, in the case of bottles G and J, pO, differs by 5-89-5-71, 
i. e. 0-18 mm. This can be allowed for by means of the dissociation curve 
of the blood solution, which shows that the bottle with pO, = 5-71 mm. 
should have as an oxyhemoglobin value about 1 p.c. less than the 
bottle with pO, = 5-89 mm., instead of being identical as was found 
experimentally to be the case. 

Systematic errors. Two main sources of systematic error were en- 
countered and had to be guarded against: 

(a) Presence in the bottles of extraneous O, or N, not allowed for in 
the calculations. i 

Stringent precautions were and must always be taken to ensure that 
all the bottles and their connections were sufficiently air-tight to prevent 
any leakage of atmospheric air into the Jow-pressure gas phase during 
the experiment, and that the blood solution and gas phases in the bottles 
were completely freed of O, and N, at the start. 

The anomalous results with bottle B in the first experiments = 
in Table IV probably arose from such sources. | 

() Inactivation of the hemoglobin and irreversible combination of 
the O, with constituents of the blood solution. The blood solution, pro- 
vided that it was prepared from blood not more than 1 or 2 days old, . 
was found, by controls, to be able to stand the amount of manipulation 
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involved in the above technique without appreciable troubles of this 

General conclusion as to the reliability of Method B and scope. With 
the precautions already mentioned, and the conditions adhered to in this 
paper, it was concluded that in general Méthod B could be relied upon 
to within 1 p.c. oxyhssmoglobin. This claim will be found to be confirmed 
not only by the smoothness of the experimental curves recorded in 
Section II, but also by the satisfactory agreement obtained in com- 
parisons between Methods A and B (v. Table V). 

Method B as practised by the authors proved very exhausting, for 
each point on the curve involved at least an hour and a half’s work, 
and it was necessary to complete the curves within 24 hours. Such long 
spells of work could, however, be greatly eased either by means of a 
team of workers with a battery of modified Haldane apparatuses, or 
more readily by withdrawing the 200 c.c. low pressure gas samples, not 
into the modified Haldane, but into a series of gas sampling tubes with 
mercury reservoir attached. By raising the mercury reservoir the gas 
sample could then be brought up to, and stored at, atmospheric pressure 
or above and then analysed at leisure (on the following day or after) 
for O, and N, in the Haldane. 

In order to reduce the requisite volume of blood and solution to 
more “micro” dimensions, it should be feasible to replace the Haldane 
gas analysis apparatus by one of the types capable of analysing 1 c.c. 
of gas (e.g. the Van Slyke-Neill portable manometer). In this way a 
ten-fold economy would be secured. 

Some notes in regard to the advantage of Method B for concentrated 
hemoglobin solutions will be found in the final section. Some preliminary 
work on the dissociation curve of hemocyanin has been attempted by 
this technique, and the method has also been used by one of us (W. H. F.) 
to obtain curves on purified horse hemoglobin. 


II. EXPERIMENTAL RESULTS BY Meruop A. 


Twelve dissociation curves were obtained altogether by this method, 
or slight modifications thereof, at pH’s ranging from 7-8 to 9-3, and in 
every case, without exception, the curves turned out to be S-shaped in 
character. After the earlier curves had been completed, however, a 
small systematic error was discovered in the experimental technique, 
which tended in every case to make the observed p.c. O, Hb slightly too 
low. Subsequent controls made it possible to allow for this error approxi- 
mately, but even when such corrections were applied the curves still 
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retained their S-shape. In view, however, of the weak feature introduced 

by the correction, it is only proposed to quote in full the later results in 
which the error was entirely avoided, and merely to rely on the corrected 
earlier curves for cumulative evidence in favour of the S-shape conclu- 
sion. Four of these six later curves are shown in Fig. 2 and the numerical 
data tabulated in Table III. 


Taste III. 
0. 0. O, chemically 
mm. C. o. on 
A. Nov. 30th : , (po) 
Blood laked and diluted 0-63 0-000166 3-1 
to 1 in 31 with pH 8-4. 0-93 0-000188 3-6 
Temp. 19° C. 1-54 0-000685 12-5 
2-44 0-00148 27-0 
4-6 0-00369 67-0 
6-38 0-00482 90-9 
B. Deo. 4th 
ca 
Temp. 19° C. 5-9 0-00356 not 
C. Dec, 5th 
Blood laked and diluted 0-89 41 
to 1 in 31 with pH 7:8. 1-77 0-000414 8-3 
Temp. 19° C. 1-77 9-2 
2-3 0-000783 15-7 
4:7 0-00226 45-2 
5-21 0-00264 52-8 
6-1 0-00329 
D. Dec, 5th 
Blood laked and diluted 0-98 8-7 
to 1 in 45 with pH 9:3. 1-75 0000810 23-1 
Temp. 19° C. | 3-38 0-00204 58-3 
5-86 0-00318 90-8 
E. Dec. 6th 
Blood laked and diluted 0-57 0-000223 45 
to 1 in 31 with pH 9-3. 1-38 0-00064 12-8 
Temp. 19° C. 3-66 0-00303 60-6 
5-3 000408 81-6 
F. Dec, 7th 
Blood laked and diluted 1-66 0-000885 Total gas com- 
to 1 in 45 with pH 9-3. 3-01 0-00200 bining capacity 
Temp. 19° C. 5-52 0-00304 not measured 


It will be noticed that the points obtained are for the most part quite 
regular, as shown by the fact that they fall on the smoothed curves 
without difficulty. 

In order to establish the S-shaped conclusion beyond doubt, it was 
endeavoured to secure, in the case of four of the dissociation curves, at 
least two points with oxyhemoglobin content of less than 25 p.c. of 
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full saturation, since the nature of the curve in this low range is crucial 
as regards the matter at issue. 

Inspection of experiments A, C, D, E leaves no doubt that the 
dissociation curve, whether at pH 85 8-4 or 9-3, shows in the region 


Fig. 2. Vertical - peroentage oxyhemoglobin. Horizontal oxygen pressure 
in mm. Hg. 


of 15-30 p. o. oxyhemoglobin a definite upward inflection which is quite 
inconsistent with the rectangular hyperbola hypothesis. 

Experimental results by Method B. Eight curves were ohteinad by 
this method, the pH in every case being 9-2. The dilution of blood was 
about 1 in 45 in every experiment except the last one, and the tem- 


perature about 19° C. The results are tabulated in Table IV and plotted 


in Fig. 3, except for two experiments on old blood which are not included. 
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Nes, Bottle pO, in mm. o. o. solution 
day old, A 0-550 0-000270 . 
Temp. 188°C. pH 9-2. B 0-673 0-000131 
5 Dilution 1 in 45 9 0-90 0-000396 
2 E 1-680 0-001057 
te @ 2-95 0-00253 
H 514 0-00376 
I 8-40 0-00405 
i Sheep's blood, same A 0-622 0-000222 
19° C. H 9-2. B 1-12 0-000234 
0 1-34 0-000633 
blood 15·8 — (Dill) E 1-90 0-000044 
F 3-22 0-00227 
9 6-44 0-00298 
85 H 9-67 0.00313 
I 17-50 0-00314 
8 same day. 4 0-544 0-000263 
Temp. 18-8° C. +-2° C. B 0-950 0-000320 
pH 1 in 45 0 1-79 0-000882 
＋ 3-10 0-00213 
G 5-64 0-00338 
H 11-57 0-00398 
Deo. 3rd 
35 Sheep's blood. Temp. 18°C. B 0-874 0-000427 
: pH 9-2. Dilution 1 in 45 6 1-83 0-000875 
G 5°73 0-00345 
H 11-94 0-00378 
iz Sheep’s blood, same A 1-70 0-000815 
Temp 10 C. pH 9-2. B 0-946 
. tion 1 in 45. O, b of C 1-67 
: blood 15-5 vols. p.c. (Dill) 2E 2˙43 0-001268 
F 3-28 0-00198 
| G 5-89 0-00314 
* H 12˙12 0-00341 
I 5-71 0-00301 
Dec. 17th 
orse 1 4 0-538 0-00242 
6 old. Temp. 18-6°C. B 1-246 0-00432 
pH 9-2. unknown 0 4-21 0-00453 
0 4-26 0-00448* 
10°78 0-00487 
| 10-80 0-00485* 
{ | * 2nd gas analysis. 

The points are again for the most part quite regular (with the ex- 
ception of the first three ents in which bottle B was used, which 
may perhaps be due to a leak or some other special error associated with 

this particular bottle). It will be again noticed that the S-shape of the 
dissociation curves shows itself unmistakably in the region 15-30 p. c. 
PH. LXXI. | 17 
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oxyhemoglobin. Consideration of the last experiment in the table will 
be deferred till later. | 

Comparisons between Method A and Method B. Estimations were 5 
carried out on the same blood solution by the two methods. The results 
of a set of five such comparisons are set out in Table v. 


2 4 6 8 10 12 14 16 18 


Fig. 3. Vertical=o.c. 0, combined per 6.0. blood solution. 


Horizontal = O, pressure in mm. Hg. 
V. 
0.0. O, per 0.0. solution 
Sample Method A Method B oxyhsmoglobin 
i 0-000875 0-000855 06 
) 0-00345 0-00356 +2-9 
0-000815 0-000810 
iv 0-00198 0-00204 
000310 
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It must be noted that in these tests the Method A was only accurate 
to 1:5 p.c. oxyhsmoglobin (instead of to the usual figure of 1 p.c. 
- oxyhemoglobin) owing to the fact that the blood solutions were diluted 
to 1 in 45 instead of 1 in 30. Since Method B cannot claim an accuracy 
better than 1 p.c. oxyhemoglobin, it will be agreed that the average 
discrepancy between the two methods, which only amounts to 1-5 p.c. 
oxyhemoglobin, is as small as could be expected. It will be noted that 
the agreement is particularly satisfactory at or about 20 p.c. oxybæmo- 
globin, which, as already emphasised, is the region of prime importance 
as regards the “S-shape” question. 

At the end of the research two comparisons (not shown in Table V) 
were made upon a sample made from blood several days old. The results 
by Method B were in this case considerably higher than by Method A, 
which is readily explicable by the assumption that the old blood solution 
combined irreversibly (due to bacterial action and conversion of hemo- 
globin into inactive hemoglobin) with some of the O, from the gas phase 
with which it was shaken. Such irreversibly combined O, would obviously 
not be liberated in the determination by Method A. 

It would have been desirable, had time permitted, to carry out many 
more of such comparisons on the same solutions by the two methods, 
but the results, so far as they go, are in one respect more comprehensive 
than that of other workers. Hitherto, so far as we know, it has only 
been the custom to check the ferricyanide method against other methods 
for the case of fully oxygenated blood, and not for the case of the 
partially oxygenated solutions, which have in addition been dealt with 
in the present paper. Omission of the latter might have been important, 
especially in view of the findings of recent workers which have revealed, 
under certain circumstances, anomalies in the results by the ferricyanide 
method, the cause of which still remains to be cleared up. 

Comparison with whole blood. The results of a comparison. between 
the dissociation curve of whole blood at a calculated pHe = 8· 11 (most 
kindly obtained for us by Dill and his co-workers) and the dissociation 
curve of the same blood diluted to 1 in 31 with borate buffer pH = 7-8 
is shown in Fig. 4. By reducing the oxygen pressures for the whole 
blood curve by a factor of 1-6, it is found that the two curves become 
practically coincident, thus showing that the shape of the curve is almost 


1 The pHe (pH inside red blood corpuscles) was calculated by the Henderson- 
Hasselbach equation, the somewhat alkaline pH being obtained by use of very low 
pressures of CO, in the gas phase. Any combination of CO, in form other than bicarbonate 
(a possibility raised once more by the work of Henriques [1928]) would make the calou · 
lated pH too alkaline. 3 
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independent of laking and dilution. The fact that the whole blood curve 
when plotted on the same scale of abscisse as the dilute blood solution 
curve is shifted towards the right of the latter might be explained either 
by change in the hemoglobin when removed from the milieu of the red 
blood corpuscle to that of dilute buffer solution, or possibly by the 
consideration that the calculated 985 for the whole blood might be too 
alkalinel. 

Effect of pH. The effect of varying pH from 7-8 to $3 may be sean 
by comparing experiments C, D of Table III. These two experiments 


100 = 


4 


| Blood 
Solution 
pu=7'8 
blood. 


8 


Fig. 4. 


were carried out in solutions prepared from the same blood. It is found 
that if the abscisse for the pH 9-3 curve are all multiplied by a factor 
of 1-7, the points so obtained then fall within experimental error on the 
pH 7-8 curve (v. Fig. 5), thus confirming the conclusion of previous 
workers that the effect of pH is on the position, rather than on the shape 
of the dissociation curve. 

: A few points were also obtained by Method A on similar buffered 
solutions of human blood (diluted to 1 in 31) at pH 7:8 and pH 9.3, 
temperature 30°C. It was found that in this case the effect of pH is 

more pronounced. 


2 See footnote on p. 247. | 
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Effect of species. (a) Horse. Comparison of the experiment December 
17th of Table IV with the other experiments in that table shows that 
the oxygen pressure for half saturation of purified horse hemoglobin 
solution at pH 9-3 is some five times smaller than for the diluted sheep’s 
blood solutions at the same pH and temperature. 

(6) Man. In a single experiment on human blood solution at 30° C., 
the oxygen pressure for half saturation of human blood solution at 
pH 9-3 was found to be somewhat lower than that required as a rule 
for sheep’s blood solution at 19° C., pH 9-3. 
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Fig. 5. 


These two results also confirm the conclusions of previous workers, 
viz. that there are differences between the dissociation curves of various 
species, which can only be referred to differences in the hemoglobin itself. 

Effect of temperature and varying concentrations of electrolytes. No 
studies were made of these factors. 


III. Discussion OF RESULTS. 


Two matters of a theoretical nature still require discussion, namely, 
the interpretation of the results obtained in this paper, and the source 
of the discrepancy between the present curves and those of previous 
investigators, which have on occasion been hyperbolic. 
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Theoretical interpretation of results. Ferry and Green [1929] have 
recently reviewed a number of different equations for the dissociation 
curve of oxyhwmoglobin. Of the various alternatives discussed by them, 
only one combines both agreement with experimental data, and ade- 
quate theoretical basis. This is the intermediate compound theory, 
put forward by Adair [19256] after his discovery (confirmed by 
Svedberg) that the molecule of hemoglobin contains four atoms of 

iron, and therefore combines reversibly with four molecules of O.. On 
this theory the reaction proceeds in four steps, viz. Hb, + 0, = Hb,0,, 
Hb. O, + O, == Hb,0,, Hb,O, + O, == Hb. O,, Hb. O, + O. == Hb. Os, 
and the equation derived therefrom ig as follows: | 
p.c. oxyhssmoglobin 
100 


Kip +2K,K,p* +3K,K +4K,K,K. 
~ 4(1+ Kp +K, + KK, Kp + K, 4 
where p = O, pressure and K,, K,, K,, K, are the respective equilibrium 
constants of the intermediate reactions. 

Although the postulated intermediates have never been demonstrated 
directly by spectroscopic or other methods, the argument for their 
existence from the standpoint of chemical kinetics is exceedingly strong, 
for the only alternative which presents itself is that four molecules of 
QO, should all combine together and at the same moment with one of 
hemoglobin. Now a reaction in which four molecules of oxygen com- 
bined simultaneously with one molecule of hemoglobin must, in view of 
the extreme improbability of five molecules colliding at the same moment, 
be exceedingly slow, whereas Hartridge and Roughton have shown 
that in point of fact the combination of oxygen and hemoglobin is one 
of high rapidity. Failure to detect the intermediates by physical methods 
might be due to the fact that the physical properties, e.g. of Hb. O, are 
exactly intermediate between those of Hb, and Hb. O,, and similarly for 
Hb. O, and Hb. O,. This has been discussed by Hartridge and Roughton 
[1925] in their search for spectroscopic evidence of the existence of 
intermediates?. 

Both Adair, and Ferry and Green were able to express their data 
rather successfully by means of the intermediate compound quartic 
equation, using suitably selected values for the unknown equilibrium 
constants of the four intermediate reactions. In the case of the data 


1 A consideration of the objections to the intermediate compound hypotheses, which 
have recently been brought forward by Conant and MacGrew (J. Biol. Chem. 85, “1, 
1980), will be found in the Appendix by one of us [Rough ton (1931)]. 
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presented in this paper, it was also found that values of K,, K,, K,, K, 
could be selected so as to give satisfactory agreement between theoretical 
and experimental results. A typical example is shown in Fig. 6. It is 
found that, as a rule, the experimental points fall on the theoretical curve 
to within 1 p.c. oxyhemoglobin, occasional “wide” points (on the 
average 1 in 10) being probably due to slight mistakes in experimental 
procedure. | 
Unfortunately, as was fully realized by the above authors, it is quite 
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Fig. 6. 


possible, with so many unknown constants at one’s disposal, to find quite 
a number of different sets of values for Ki, K,, K;, K., all of which 
give agreement within experimental error (1 p.c. oxyhemoglobin) be- 
tween theory and experiment. Two such sets of values and the results 
obtained therefrom are shown in Table VI to illustrate this point. 
Although the values assigned to K, and K, in the first set differ by 
50 p.c. from their respective values in the second set, the percentage 


4 
* 
AE 
* 
5 
4 
3 
| 
1 — 
4 
ig 
2 
An 
4 
* 
* 
2 
= experimental poin 
60 
peri points 
% 
N 
vi 
40 
* 
24 
iss 
* 
BE 
a 
20 
a 
2 4 
4 
* 
. 
4 
A 
og 
> 
4 
a 8 
j= 
7 
AAA ]% ͥͥͥũ ũ ꝛ “˙d ꝛ˙ö ; ¶ 


22 W.H. FORBES AND F. J. v. ROUGHTON. 
VI. Oxyhamogiobin (p. o.). 


Set I 
X. 204, 204, 
pO, in mm. 3= 0-06, K. 4.5 K,= 9 
1 10-2 
2-5 
3°75 63-6 64:2 
5 79-2 81-2 
10 95-9 


hemoglobin as calculated is the same to within 2 p.c. over the whole 
of the two dissociation curves, and over the greater part to within 1 p.c., 
i. e. the experimental error of the estimations. 

The quantitative test of the intermediate compound theory must, 
therefore, be admitted to be, for the present, inconclusive. ~ : 

In spite of this, one or two further considerations may be advanced. 
Adair, and Hartridge and Roughton, have shown independently 
that if K,:K,:K,:K,::4:3/2:2/3:1/4, as would be the case if the inter- 
mediate reactions all took place on Langmuir’s principles“, then the 
intermediate compound quartic equation simplifies down to that of a 
rectangular hyperbola. 

Since the results in the present paper do not conform to this equa- 
tion, the Langmuir principle cannot apply to all four of the inter- 
mediate reactions, but, if it be assumed to apply only to the first three 
intermediate reactions (i.e. KI: K,:K,::4:3/2:2/3), then with only two 
unknown constants, K, and K,, good agreement can be obtained be- 
tween experiment and theory. This point is illustrated in the first set 
of values of K,, K., K., K, in Table VI, in which case it will be noted 
that K,:K,:K,::4:3/2:2/3. ‘Adair informs us that he has also de- 
veloped this conception and followed it up further. The assumption 
involved might seem a very arbitrary one, were it not that it also pro- 
vides a relatively simple explanation of many of the kinetic data of 
Hartridge and Roughton, to the discussion of which it is hoped to 
return in later publications. In order to test the matter directly it would 
be necessary to obtain the values of KI, K,, K,, K. with as great pre- 
cision as possible. 


1 In the case of many reactions of gases with metallic surfaces Langmuir has estab- 
lished that there is a definite number of spaces on the surface which can be “occupied” 
by the gas, and that the rate of combination is proportional to the pressure of gas and the 
number of unoccupied spaces on the surface, whereas the rate of dissociation is propor- 
tional to the number of “occupied” spaces. For details of the application of this con- 
—— to the reaction between O, and hæamoglobin vide Hartridge and Roughton 
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Now when p is very small, the generalized quartic equation of the 
intermediate theory simplifies to 1 
Y= 
since the p*, ps, pis terms can be neglected, whereas when p is very large, 
since now the p and p* terms are negligible. 

Thus it might be possible from several very accurately determined 
points both at the extreme top and at the extreme bottom of the dis- 
sociation curve to obtain K, and K, independently, and thence to test 
out the equation over the main part of the dissociation curve with only 
the need of assuming the values of two arbitrary constants, i. e. K, 
and NH, in this way securing a far more decisive test. Method B (the all 
gas analysis method) if suitably modified and applied to more concen- 
trated hemoglobin solutions, ¢.g. 4 p.c., should give oxyhemoglobin 
percentage estimation of far higher accuracy than in the case of dilute 
solution; indeed, calculation shows that, provided the accuracy of gas 
analysis and measurement of volumes etc. were as good as in Section II 
of the present paper, the method should be capable of reaching an 
accuracy of 0-1 to 0-01 p.c. oxyhemoglobin, and should therefore be 
considered in any such project as the above. 

The discrepancy between the S-shape and the rectangular hyperbola. 
The oxygen dissociation curves obtained by Hartridge and Roughton 
[1925] for diluted sheep’s blood, by means of the reversion spectroscope 
technique, were approximately hyperbolic both at pH 7:4 (phosphate 
buffer) and pH 10 (ammonium chloride buffer). Somewhat confirmatory 
results by means of the same technique were later obtained by Magela 
and Seliskar [1925]. The analogous carbon monoxide dissociation curves 
(the reaction carbon monoxide + reduced hæmoglobin + carbon mon- 
oxide hsemoglobin) were occasionally, but not usually; found by Bar- 
croft, Hecht, Morgan and Forbes to be hyperbolic in character also. 
The dissociation curves obtained in the present work, upwards of twenty 
in all, were, on the other hand, found to be S-shaped invariably. It 
therefore becomes desirable to consider the sources of this interesting 
discrepancy. 

The main distinguishing features of the present technique, as com- 
pared with that of the previous workers, were that (i) the blood solutions 
were four or more times stronger, (ii) borate buffers were employed, 
(iii) special endeavours were made to avoid inactivation of the homo- 
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globin. The observation of Svedberg and Sjögren [1928] that dilution 
of serum proteins causes alterations in their physico-chemical properties 
makes it necessary to bear in mind the possible importance of the 
dilution factor, but the fact that, according to Hartridgeand Roughton 
[1926], large variations in the concentration of hemoglobin and dissolved 
gases make little or no difference in the velocity constants of the reac- 
tions, renders this explanation an improbable one. In regard to the 
nature of the buffer used, all the evidence so far seems to suggest that 
the nature of the crystalloidal anions is of little importance as compared 
with the value of the pH in determining the dissociation curve. 

No satisfactory curves have yet been obtained with minimal con- 
centrations of buffers or electrolytes present. This aspect of the matter, 
first raised many years ago by Barcroft and his colleagues, it is hoped 
to reinvestigate with dilute solutions of purified horse hemoglobin, 
careful attention being paid to pH. 

On the whole, the most plausible explanation of the discrepancy 
would (at present) seem to lie in the possibility of progressive changes 
which hemoglobin may suffer after removal from the body. The inactive 
form of hemoglobin which develops gradually even at 0° C. is incapable 
of reduction by Na, 8. O, or of combination with CO, but optically has 
properties very similar to that of native oxyhemoglobin. Neglect of the 
presence of this inactive modification would, in the case of optical 
methods of analysis, give the observed (as distinct from the true) dis- 
sociation curves a bias towards the hyperbolic character, but it does 
not seem possible to account quantitatively, by this means alone, for 
the results obtained by Hartridge and Roughton, or, on occasions, 
by Hecht and others. Another consideration must be added. In two 
sets of unpublished experiments by the photographic method on the 
carbon monoxide dissociation curves of a hemoglobin solution kept for 
about a month at 0° C., Hecht, Morgan and Forbes noted during the 
month period a progressive alteration of the dissociation curve from an 
8-shape towards a rectangular hyperbola, but the results were not very 
clear cut or regular. If such an ageing process of the hemoglobin 
really occurs it might be so considerably accelerated as to take place 
within a few hours, especially if the blood solution instead of being kept 
gently and in high concentration at 0° C. was diluted and subject to 
considerable manipulation at or above room temperature. 

_ Asingle experiment on the oxygen dissociation curve of horse hemo- 
globin, which had begun to putrefy, is quoted in the next paper [Forbes 
(1931)}. In this case also the curve was hyperbolic in character. 
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In the present work, especially in the results by Method A, the 
amount of manipulation of the blood solution was reduced to a minimum, 
and was, in particular, vastly less than in Hartridge and Roughton’ s 
experiments, in which the blood solution was often left in prolonged 
contact with metal surfaces. 

As already mentioned the intermediate compound quartic equation 
simplifies down to that of a rectangular hyperbola if all the four oxygen 
binding. groups in the hemoglobin molecule operate on Langmuir 
principles. 

On the other hand, the values of the constants required for the 
equation to fit the experimental S-shaped curves show, in spite of their 
uncertainty, that, on the intermediate compound hypothesis the affinity 
of the last oxygen binding group for oxygen is very greatly increased 
by the saturation of its neighbours. If, however, the latter influence 
were progressively to decrease with ageing of the hemoglobin mole- 
cule, then a satisfactory explanation of the observed anomalies would 
be to hand. Further experimental work is, therefore, needed upon the 
progressive changes in the dissociation curve. 


SuMMARY. 


1. Two independent gas analysis methods have been developed for 
the purpose of studying the oxygen dissociation curves of dilute blood 
or hemoglobin solutions. The first is a modification of the Van Slyke- 
Neill technique, whilst the second depends entirely on the manipulation 
and analysis of gas phases and was carried out by the Haldane method, 
so modified as to measure O, pressures to within 0-002-0-001 p. o. atmo- 
sphere. 

2. Both these methods give an accuracy of about 1 p. o. oxyhemo- 6 
globin when applied to blood solutions of hemoglobin content equal to 
one-thirtieth to one-fiftieth that of whole blood. The two methods also 
check satisfactorily with one another. 

3. When applied to diluted sheep’s blood solutions pH 7-8 to 9-3, 
temperature about 20°C., both methods give definitely S-shaped dis- 
sociation curves. 

4, These curves are interpreted on Adair’s intermediate compound 
hypothesis, in connection with which various theoretical aspects are 
discussed. 


The preliminary part of this work was carried out in the Physio- 
logical Laboratory, Cambridge, England, whilst the remainder was 
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completed in the Fatigue Laboratory, Morgan Hall, Harvard, during the 
tenure by one of us (F. J. W. R.) of a Rockefeller travelling Medical 
Fellowship. We should like to express our thanks to the Heads of both 
these laboratories, Prof. Barcroft and Prof. Henderson, for the 
generous facilities which they granted us, and for their interest in our 
work, To Dr Dill, Dr Bock, and their co-workers, we are indebted for 
much assistance in our experimental work, and in particular for their 
kindness in determining dissociation curves of whole sheep’s blood for 
us on two occasions. We also wish to thank the British Medical Research 
Council for defraying part of the expenses of the research. 
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APPENDIX. 


Intermediate Compounds in the Oxygenation of Hamoglobin, 


By F. J. W. ROUGHTON. 


In concept of intermediate compounds in the oxygenation of hemoglobin has recently 
} been questioned by Conant and MacGrew [1930], on the ground of the negative result 
ol ingenious experiments carried out by them in the hope of demonstrating such com- 
pounds. In view of the strong evidence in favour of intermediate compounds from the 
standpoint of chemical kinetics, it becomes necessary to submit Conant and MacGrew’s 
enquiry to a careful scrutiny, the result of which is to raise serious objections to their 
conclusions. For the sake of abbreviation Conant and MacGrew will be referred to below 
ae. as C. & M. 
: 15 C, & M.’s main procedure was as follows: 

l A paste of crystalline oxyhzmoglobin was placed in a. I- litre tonometer together with 
10-20 p.c. of its weight of 15 p.c. phosphate buffer, pH 6-6, temperature 0-2°C. The 
tonometer was repeatedly evacuated and shaken until sufficient of the oxygen was re- 
moved for the solution to appear by eye mostly reduced. The tonometer was then rotated 
at 0° C. until equilibrium was reached between the solid, liquid and gas phases, during 
which procedure a large amount of the solid phase went into solution. Analysis of the 

composition of the solid phase at equilibrium showed that it contained Hb. Os, but probably 
vo Hb, O,, Hb,0,, Hb,0, or Hb.. C. & M. therefore argued that the liquid phase, being 
| in equilibrium with a solid phase containing Hb. O,, must itself contain not only the 
constant concentration of Hb,O, given by the solubility coefficient of the latter, but also 
in addition, if the intermediate compound hypothesis is true, relatively large amounts of 
Hb. O,, Hb. O., Hb. O,, since at the low percentage oxygen saturation of the solution these 
compounds should exist in relatively large quantities. The total combined O, in the liquid 
phase at equilibrium should therefore, on the intermediate compound hypothesis, have 
been much greater (two to five times) than that corresponding to the solubility of Hb,O, 
in oxygenated solution. Actually, however, it was found that the combined O, in solution 
was in six out of seven cases less, and in four of these six cases very considerably less 
(. e. 50 p.c.). C. & M. accordingly concluded with this statement: “We are inclined to 
attribute this diminished solubility of oxyhemoglobin in solutions rich in deoxygenated 
hemoglobin to something in the nature of a ‘salting out effect’ of one protein on the 
other. It is possible that such an effect? might mask the increase in oxygen content, which 
we were endeavouring to find, and it might explain, qualitatively, the persistence of solid 
oxyhemoglobin in equilibrium with highly deoxygenated solutions. But it is evident, 
from an inspection of the last two columns of Table IV, that one would have to postulate 
an enormous effect of this sort, indeed. Aside from this there seems to be no escape from 
the conclusion that if there are intermediates in the oxygenation of hemoglobin they are 


1 Earlier in the paper the authors refer to Landsteiner and Heidelberger's ex- 
periments, which showed that the oxyhsmoglobins of different species have bilities 
which are practically i ent of each other (i.¢. the solubility of cat’s oxyhemoglobin 
in a solution saturated with dog’s oxyhemoglobin is nearly as 2 as its solubility in 
would be net On this 
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present in too small amounts to account for the anomalies in the oxygen dissociation 
curve. We are p U vinced that some other explanation of the peculiarities of homo- 
globin must be sought.” 

It may be noted at the outset that the buffer content, temperature and pH, which 
C. & M. used, all lie distinctly outside the range where the effect of these factors on the 
dissociation curve has been sufficiently investigated. Their calculations of the O, content 
of possible intermediate compounds present at equilibrium are also somewhat uncertain, 
since, as mentioned already, it is not possible to obtain a unique set of values of the 
equilibrium constants of the intermediate reactions. 

The major criticisms are as follows: 

In their analyses of the composition of the solid phase at equilibrium, C. & M. obtained 
results which were approximately concordant, by determining in two different ways the 
water content of the “paste” obtained by centrifuging the solid and liquid phases together. 
Assuming that the liquid phase in the paste was identical in composition with that of the 
supernatant liquid, they were then able, after an analysis of the whole paste for reduced 
Hb, oxygenated Hb, methemoglobin and cathwmoglobin, to compute the composition of 
the solid part of the paste. Only in two cases (Exps. 1 and 1 a of C. & M.’s Table IV) 
are full data given, but in both these the liquid phase contained Hb only in the form of 
oxygenated and reduced Hb, whereas the solid phase contained oxygenated Hb together 
with appreciable amounts of methemoglobin and cathemoglobin. 
| The proportion of Hb present in these inactive forms as calculated from C. & M.’s data 
are as follows: 


Exp. 1 Exp. 14 
Methemoglobin (g.) in the solid phase contained in 1 g. of paste 0-006 0-023 
Methemoglobin (p.c.) in the solid phase contained in 1 g. of paste 3:5 13-5 


Cathzmoglobin (g.) in the solid phase contained in 1 g. of paste 0-037 0-057 
Cathemoglobin (p.c.) in the solid phase contained in 1 g. of paste 20-7 30-3 


(=oxy-, reduced-, met-, and cathszmoglobin) 
Total protein (g.) in 1 g. of paste by dry weight 0-316 0-265. 


Since in Exp. 1 the total protein by the CO method was markedly less than by the 
dry weight, it is possible that in this case the solid phase contained hemoglobin in other 
forms than those estimated by the CO method", and hence the estimate of 76 p. o. for 
the percentage proportion of oxyhsmoglobin may be too high. However that may be, 
the data leave no doubt that the solid phase in both cases contained large amounts of 
forms of hemoglobin other than oxyhemoglobin. Although C. & M. admit the presence 
of methemoglobin and cathemoglobin in their solid paste and even give determinations 
thereof in their Table III, they evidently consider that the extensive contamination of 
the solid phase by these compounds has no influence on the solubility of Hb,O, in the 
liquid phase, 

If this assumption is sound, it should apply equally to any other compound in the 
solid, which is readily soluble at pH 6-6, such as methsmoglobin. Yet, neither in Exp. 1 
nor even in Exp. 1 a (in which the solid contained as much as 13-5 p.c. methemoglobin) 
was any trace of the latter compound found in the liquid phase. It is very hard to con- 
ceive of a mechanism which would inhibit the dissolving of methemoglobin from the solid 
phase without at the same time affecting the dissolving of oxyhwmoglobin in similar 

1 Blood stored at 0° 
oe . changes gradually into a form which is 
neutral pH therefore nol not acted on by Na, S, O. and CO 
Such form would protein CO.” 
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fashion, and if 80, there must be grave doubt as to whether a true equilibrium was ever 
really reached between the solid and the liquid phases. 

The simplest way to account for the absence of methemoglobin in the liquid phase is 
to suppose that some, if not all, of the 30 p. d. of insoluble cathwmoglobin found in the 
solid phase was laid down at the interface between the solid and liquid (inactivation of 
hemoglobin is most prone to occur at interfaces). Such film would obviously impede 
the dissolving of molecules from the interior of the solid, and the stationary (rather than 
equilibrium) state finally reached would only depend on the amount of oxyhsmoglobin — 
which had happened to have dissolved before the insoluble film became complete. Un- 
fortunately C. & M. give no experiments on the solubility of the solid phase after it had 
been separated at the end of the experiment. 

This hypothesis accounts readily for the finding of an apparently diminished solubility 
of Hb,O, in solutions rich in deoxygenated hemoglobin, upon which C. & M. comment in 
discussing their Table IV. 

In Exp. 1a C. & M. attempted to show that the same “equilibrium” as in Exp. 1 
could be approached from the opposite side. The solid phase from Exp. 1 was removed, 
the liquid phase completely deoxygenated, and oxygen admitted to the gas phase. The 
tonometer was then shaken, until “equilibrium” was arrived at, and the composition of 
the solid phase, which formed during the process, and of the liquid phase determined as 
before. The rough agreement of these later results with those of Exp. 1 led C. & M. to 
believe that they had in both cases reached a true equilibrium, though it would only be 
needful to assume that the amount of combined O, in the solution at the moment when 
the solid phase, which was separating out from solution, became completely covered with 
cathemoglobin, was roughly the same as in the previous experiment in which the solid 
phase was dissolving—a not very improbable coincidence. 

C. & M.’s final point, namely, that the solubility of the Hb, O, in oxygenated solution 
was the same at the beginning as at the end of the cycle of operations comprised in 
Exps. 1 and 1 a, merely confirms that the hemoglobin which had been present in the 
liquid phase throughout the cycle remained the same in chemical character throughout— 
a conclusion already indicated by their failure to detect any methemoglobin or cathwmo- 
globin in the liquid phase. In fully oxygenated solution, hemoglobin, as shown by Neill 
[1925], has far less tendency to form cathwmoglobin than in partially reduced solution; 
hence it would be quite natural for crystals of uncontaminated Hb,O, to deposit from 
the solution, when the latter is oxygenated after Exp. 1 a, and for the crystals to remain 
uncontaminated long enough for the same true equilibrium to be reached between the 
crystal and solution as at the outset of Exp. 1. 

To sum up the position: C. & M.’s results can be explained, without any sacrifice of 
the intermediate compound hypothesis, if a single, and prima facie plausible assumption 
as to the nature of the solid phase in their experiments is allowed. C. & M. give no proof 
that the solubility of Hb,O, from a solid phase, largely contaminated with other com- 
pounds of hemoglobin, is the same as from a solid phase consisting only of Hb. Os, and 
the onus probandi clearly lies with them. Until such proof is given, their conviction that 
some explanation of the peculiarities of hamoglobin, other than that given by the inter- 
mediate compound hypothesis, has no basis. 

Finally, it may be noted that even if the solid phase in C. & M.’s results had proved 
to be pure Hb. O, within the limits of analytical error, the possibility would still have had 
to be faced of a heterogeneous equilibrium between the solution and the solid phase, 
extending only, as far as the solid was concerned, to the outermost layer of molecules. 
Such a condition would be indetectable by ordinary analytical methods and would be 
analogous to chemical reactions taking place between gases and heated metals in a uni- 


‘ 
= 2 ‘ 
% 
4 . 5 
a 
ae 
J 
8 
— 
ig 
aa 
5 
q 2 ¥ 
* 
2 
4 
wa 
q 
5 
* 
é 
— 
d 
a 
* 


260 F. J. W. ROUGHTON. 


molecular layer on the surface of the metal, as treated by Langmuir and others. If the 
unimolecular layer on the surface of the solid phase were to consist of molecules not only 
of Hb,O,, but also of Hb,O,, Hb,O,, Hb. O, and Hb., the solubility relationships would be 
most complex, and indeed only under one special set of circumstances would it be per- 
missible to assign to the Hb,O, molecules the same solubility coefficient as they possess 
when in contact with fully oxygenated solution. 
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; THE EQUILIBRIUM BETWEEN OXYGEN AND 
| HAEMOGLOBIN. 


II. The oxygen dissociation curves of dilute solutions 
of horse hemoglobin. 


By W. H. FORBES. 
(From the Fatigue Laboratory, Morgan Hall, Harvard University.) 


In the previous paper [1931] Forbes and Roughton have described the 
oxygen dissociation curves obtained by two different methods from dilute 
solutions of defibrinated sheep’s blood. Their solutions were for the most 
part of a high pH, 7-7 to 9-2, well buffered with Sorensen’s borate buffer, 
had a relatively high salt content due to the buffer, and a dilution of 
1 part blood to 30 or 40 parts water. The curves they obtained were all 
S-shaped and very similar to those obtained from whole blood. The 
present paper is an extension of the work to hemoglobin solutions made 
from crystals of horse hemoglobin, and diluted so that they contained 
approximately 5 g. of hemoglobin (dry weight) per litre. It is also an 
extension of the work of Ferry and Green [1929] on horse hemoglobin 
to more dilute solutions, to more alkaline pH’s, and to lower oxygen 
pressures than their technique allowed them to study with accuracy. 
As far as the writer is aware no previous oxygen dissociation curves 
have been made from solutions of less than 1 p.c. purified hemoglobin, 
with the exception of one early and not very complete experiment by 
Bohr [1892] in which he got no points on the lower part of the curve. 
The theoretical importance of working upon dilute solutions is set forth 
in some detail in the paper by Forbes and Roughton already referred 
to, and therefore in these experiments the solution was made as dilute 
as was compatible with accuracy, namely, 0-5 p.c. Hb. The pH used 
was 91 which was chosen for several reasons: (i) Ferry and Green ob- 
tained excellent S-shaped curves up to pH 7-65, but beyond that, though 

| they went to pH 8-88, their curves were not complete in the lower 


poortions; (ii) hemoglobin is stable and will stand shaking at high pH; 
(iii) finally borate buffer, which is excellent for preventing bacterial 
action, has its best buffering range in the neighbourhood of pH 9-2. The 
strength of the buffer was TT 12-4 g. boric acid pe 4 g. NaOH in 

1350 0.0. of solution. 
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The method employed in the preparation of the hemoglobin was 
the same as that used and described by Ferry and Green [1929]. 
Horse blood was used because of the ease with which crystals can be 
obtained from it. Very briefly the preparation is as follows: A corpuscle 
paste is shaken with a considerable quantity of isotonic NaCl and then 
the mixture is run through a Sharples centrifuge. All the corpuscles 
are broken by this treatment, and a thick dark liquid with many needle- 
shaped crystals of hemoglobin in it comes out of one side of the centrifuge 
and the NaCl comes out on the other. The thick liquid (which is mostly 
hemoglobin as most of the other substances have gone off with the 
NaCl) is then brought to the iso-electric point of hemoglobin in the cold, 
whereupon large quantities of crystals come out, They are washed twice 
with cold distilled water, dissolved in weak NaOH, centrifuged to remove 
traces of stroma, and again brought to their iso-electric point and re- 
crystallized. The crystals are then washed again. Dr Green was kind 
enough to prepare the first two lots of crystals and to supervise and 
help with the preparation of the subsequent ones. Thus the hemoglobin 
used was as nearly as possible identical with that used by Ferry and 
Green. 

The hemoglobin used in these experiments had two crystallizations 
and four washings (with the exception of the first lot, which had only 
one crystallization). A general idea of its purity may be obtained from 
the following figures. 100 g. of the wet packed mass of crystals which 
were taken from the bottom of the centrifuge tubes contained 65 g. of 


water, 0-11 g. NaCl, 0-03 g. KCl, and 0-009 g. of reducing substances, 


half of which were fermentable. The first three determinations were 
very kindly made for me by Dr Dill, and the last by Dr Svedberg, 
using Folin’s method. In these experiments a weighed amount of this 
crystalline mass was dissolved in a little of the borate buffer and was 
then put in a flask and reduced by evacuation in the manner described 
in Method B of Forbes and Roughton’s paper. A measured amount 
of this reduced solution was put into the bottles and the whole experiment 
was done exactly as there described, with the exception of two minor 
modifications: (a) the whole apparatus was immersed in a water bath 
to improve the temperature control, and (b) the nitrogen was measured 
in the modified Haldane apparatus instead of in a separate burette. 
During the experiments the bottles were kept in a water bath at the 
same temperature as the bath which held the Haldane, and the shaking 
of the bottles to equilibrate the gas and the solution was done in heat 
insulating jackets at the same temperature. Likewise the bottle was 
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immersed in the same bath with the Haldane apparatus for the 

of drawing the sample. Thus throughout the experiment the temperature 
was constant to about 0-2° C. and sometimes better. This made possible 
a slight simplification of the calculations. 

Three points beside the shape of the curve were tested out: de- 
naturation of the hemoglobin by the preparation; the effect of a moderate 
amount of bacterial action; and the effect of dilution between the limits 
of 0-94 p.c. hemoglobin and 0-32 p.c. These observations were beside 
the main point of the investigation which was to find out the shape of 
the curve for the fresh and undenatured material, and so the experi- 
ments on age and dilution were few and in the nature of controls. The 
observations on dilution were made merely by introducing more or less 
of the concentrated reduced hemoglobin solution into the bottles. The 
experiment on bacterial action was done by keeping a part of thecrystals 
used on June 13th until they had turned to liquid, due to the bacteria 
which reduced the hzmoglobin, thus rendering it more soluble. This took 
only 5 days, because the crystals were occasionally taken out of the ice- 
box, warmed up to room temperature and stirred. Thus in 6 days this 
preparation had gone much further towards putrefaction (though it had 
not begun to smell) than had the first preparation (used on May Ist) in 
7 days during which it was kept at about 1°C. The question of de- 
naturation of the hemoglobin by the mode of preparation was not 
directly investigated, but that denaturation actually took place can be 
seen from Curves I and II, Fig. 1, in which the failure of the solutions 
to take up the full theoretical value of 1-34 c. o. O, per g. of dry homo- 
globin is evident. 


The results are given in Table I. 
Tam I, 
Exp. Bottle mm. O, g. (P. o.) 
1 May list: 1 tion; 4 0-42 0-10 0-48 
oon 
@ 4-23 1-15 0-48 
K 9-70 1-18 0-33 
2 May 17th: 2 0-32 0-14 0-52 
Ee 0-63 0-47 0-52 
F 1-41 0-85 0-52 
G 4-61 1-01 0-52 
K 10-00 1-02 0-36 
* Second gas analysis. 
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Tam I (conid.). 
o. o. solu 
Bottle mm. O, (p.c.) 
3 June 7th: 2 e B 0-36 

temp. 23:3° C.; crystals 2 0 0-36 0-17 0-32 
days old; pH 9-1 D 0-54 0-18 0-50 
0-31 0-50 
F 0-86 0-43 0-50 
G 1-19 0-64 0-50 

J 1-63 0-85 
K 1-02 0-50 
L 8-20 1-06 0-50 
4 June 13th: 2 crystalliza- B 0-34 0-11 0-47 
tions; temp. 23-0°C.; crys- * 0-34 0-12 0-47 
tals 1 day old; pH 9-1 K 0-37 0-17 0-30 
D 0-21 0-47 
D* 0-46 0-20 0-47 
LE 0-58 0-27 0-94 
2 0-58 0-26 0-04 
G 1-00 0-73 0-47 
J 4-55 1-18 0-47 
* 4-55 1-17 0-47 
5 June 18th: 2 crystalliza- 4 0-33 0-24 0-47 
tions; temp. 23-0°C.;same D 0-80 0-49 0-47 
lot of crystals as Junel3th d 1-22 0-68 — 0-47 
had kept badly; pH 9-1 * 5-40 0-95 0-47 
6 June let: 2 crystalliza- B 0-80 0-48 0-45 
tions; temp. 23-0°C.; crys» F 1-03 0-72 0-45 
tals 2 days old; pH 9-1 H 4:10 1-16 0-45 


_ The results of the last four experiments are shown in Fig. 1. 


In Fig. 1 the two full-line curves represent the results of the third, 
fourth and sixth experiments, the dotted curve in Curve II represents 
the fifth experiment, but the results of the first two experiments are not 
included. If the results of Exp. 1 (May Ist) are put in, the points above 
50 p.c. saturation lie very closely on the full-line curve in Curve II, but 
the lower points fall a little under the curve. Being a first attempt it is 
rather less accurate than the subsequent ones. The second experiment 
(May 17th) was done at a temperature 2° C. lower than the others and 
consequently its points lie further to the left: Unfortunately the exact 
temperature coefficient over this range is not known and so this curve 
cannot be corrected with any exactness, but if about the same correc- 
tions are made that are made for other bloods these points fit well on 
Curve I. Thus Exps. 1, 2, 3, 4 and 6 gave unmistakably S-shaped curves 
not dissimilar from those obtained from whole blood. But the dotted 
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curve going through the small triangles on Curve II is not similar to the 
others in shape. This is the more noteworthy because it was done on 
a part of the same lot of crystals that were used for Exp. 4 (June 13th); 
the only difference was that bacterial action was allowed to get well 


+June 


Partial pressure of O in mm. of mercury 
Curve I 


1 


i 


Partial pressure of Oę in mm. of mercury 
Curve II 


Fig. 1. 


under way before the second experiment, Exp. 5 (June 18th), was per- 
formed. The writer does not wish to lay undue stress upon the results of 
a single experiment, especially when it is upon such an uncertain material 
as a solution of hemoglobin just starting to putrefy. It does seem, 
however, as if the curve were modified distinctly in the direction of an 
hyperbola, in this case at least, by the fact that the hemoglobin was 
just beginning to go bad,” (It should be added that the writer believes 
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the bacterial action to have been checked during the experiment by the 
strength of the borate buffer. This was tested out on several occasions.) 

Another point that should be noted with respect to the curves is 
that they do not reach the full 1-34¢.c. O, per g. Hb which would 
be expected theoretically. This is probably due to the denaturation of 
some of the hemoglobin into an inactive form which, while it would be 
counted as hemoglobin in a determination of dry weight, would not be 
active with respect to oxygen. On this supposition what active hemo- 
globin remained in the solution would still be giving the same dissocia- 
tion curve and taking up 1-34 0.0. O, per g., but due to the presence of 
the inactive form, indistinguishable aside from its inactivity from the 
active form, the ordinate scale would be wrong though the shape of 
the curves would be right. Thus by multiplying the ordinates by a con- 
stant factor, the curve obtained from a solution in which, for example, 


20 p.c. of the hemoglobin had been denatured, could be made super- 


imposable on the curve of a solution of 10 p.c. denaturation. This can 
be done in this case by multiplying the ordinates of Fig. 1 by 1-12. The 
full-line curves in Fig. 1 will then agree within experimental error, but 
the dotted-line curve, being of a different shape, will not agree in any 


case, The nature and cause of this inactivation is undetermined, and so 


is the part or parts of the manipulations during which it occurred. 

A discussion of the significance of the S-shape will be found in the 
paper by Forbes and Roughton already referred to. 

Variations of dilution between 0-32 and 0-94 p.c. Hb seem to have 
no effect. The points which were made from stronger or weaker solu- 
tions than the rest (they can be seen in the table) are on the curve 
within the experimental error, particularly when it is recalled that dilu- 
tion increases this error. 

Upon finding that these curves, with the exception of the putre- 
factive one, were all S-shaped, an attempt was made to reduce the salt 
content by reducing the strength of the buffer and to repeat upon dilute 
solutions Barcroft and Roberts’ [1909] experiments on concentrated 
solutions, in which they showed that in the absence of salts the oxygen 
_ dissociation curve of hemoglobin was hyperbolic, while it was S-shaped 
when salts were present. This attempt failed, due to the length of time 
required to obtain a curve and the great rapidity with which bacteria 
multiply if there is not much borate present. Thymol cannot be used as 
a preservative because it denatures the hemoglobin very quickly, and 
ether and other volatile preservatives interfere with the gas analysis. 
With the present methods of determination the preparation of hemo- 
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globin by an entirely sterile technique is perhaps the best way of attacking 
this problem, but this involves such a lengthening and 2 of 
the whole method that it has not as yet been tried. 


Summary. 

Solutions of 0-5 p.c. purified horse hemoglobin in a 1 p.c. borate 
buffer solution of pH 9-1 gave S-shaped curves in all cases except one, 
in which putrefaction was beginning. There was evidence in all cases of 
a slight inconstant amount of denaturation. Variations in dilution be- 


tween 0-32 and 0-94 p.c. had no effect on the points on the curves. a 


This work was done in the Fatigue Laboratory, Morgan Hall, 
Harvard University, through the kindness of Prof. L. J. Henderson 
and Dr D. B. Dill. 
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STUDIES ON THE INTRA-OCULAR PRESSURE}. 


Part II. The physico-chemical factors controlling 
* the intra-ocular pressure. 


Bx P. M. DUKE-ELDER AD W. 8. DUKE-ELDER. 


(Toon die and Biochemistry, 
University College, London.) 


In a previous paper [Colle, Duke-Elder and Duke-Elder, 1931] the 
vascular and muscular factors controlling the intra- ocular · pressure were 
discussed ; there remains for study a second group of factors which have 
an influence on the pressure of the eye—changes of a physico-chemical 
nature occurring in the blood. Some of these have already been dealt 
with in a paper in this Journal by one of us [1927], but it seemed de- 
sirable to reconsider the matter and add to the conclusions already 
reached with the aid of more rigid control which the technique for 
artificial perfusion of the eye has made available. 

It was suggested in the previous paper [1927] that, if the intra-ocular 
fluid was a dialysate of the capillary blood, the pressure of the eye is 
maintained at its normal level by the balance between the hydrostatic 
pressure in the capillaries and the difference between the osmotic pressure 
of the aqueous humour and the capillary plasma. It was also suggested 
that the normal level could be varied by three sets of circumstances: 

1. By altering the equilibrium level: 

(a) By altering the blood-pressure in the capillaries. 

(6) By varying the difference between the osmotic pressure of the 
capillary plasma and the aqueous humour. 

2. By varying the volume of the contents of the eye, a change which 
is readily transferred into an effective pressure variation by virtue of 
the small degree of distension of which the sclerotic is capable: 

(a) By varying the state of the dilatation of the capillaries in the eye. 

(6) By varying the quantity of the aqueous humour. 

(e) By varying the volume of the vitreous and lens. 
3. By pressure of the external musculature upon the globe. 


* For the Medical Research Council, by a grant from whom the expenses of this 
research were met. | 


5 
| 
Ge - 
nd é 5 
2 
2 * 
by 
* 
* 
— 
Ag 
> 
f 
5 
dj 
ig 
<4 
vty 
a 
fr 
. 
> 
IZ 
2 
" 
P 


INTRAOCULAR PRESSURE. 22869 


It will be seen that these factors can be considered under three heads: 
(1) the external muscles, (2) mechanical changes in the circulation, and 
(3) disturbances in the physico-chemical equilibrium in the plasma or in 
the ocular media. The first two of these have been considered in the first 
part of this paper [1931]: it is to elucidate further the effect of influences 
belonging to the last category that the present investigations have been 


In the 3 detailed here the same 8 apparatus was 
employed as has already been described [Colle, Duke-Elder and 
Duke-Elder, 1931], but inasmuch as the changes of pressure which 
were recorded were always gradual in onset and slow in development, 
records were taken by the compensatory mercury manometer in place 
of the optical manometer. The state of the blood was altered by the 
addition of reagents to one or other of the main reservoirs; and, as in 
the previous paper, the animals employed were dogs anzsthetized with 
ether and chloralose. 

(1) Variation of the intra-ocular pressure with the osmotic pressure f 
the colloids of the blood. The factor of the influence of the concentration 
of colloids in the plasma upon the intra-ocular pressure has already been 
made the subject of research by Dieter [1925] and one of us [1927]. 
Experiments on the perfused eye wherein all extraneous influences are 
eliminated show that, if the concentration of colloids in the blood is 
increased by adding 15 p.c. gum arabic to the perfusing blood, the 
pressure of the eye falls (Fig. 1): while if the concentration of colloids in 
the blood is diminished, and at the same time its total osmotic value is 
kept relatively constant by the addition of isotonic saline, the pressure 
rises (Fig. 2). 

We have seen that one of the factors maintaining the intra-ocular 
pressure at its normal equilibrium is the difference between the osmotic — 
pressure of the plasma and that of the aqueous humour; and, since the 
capillary walls are freely permeable to crystalloids so that they rapidly 
equalize their concentrations in the plasma and the eye, any permanent 
difference between the osmotic pressure of the aqueous and the blood 
must depend on the relative colloid content of the two fluids. Normally 
the blood contains a high percentage of colloids and the aqueous humour 
merely a trade. If the concentration of colloids in the blood is increased, 
this relative difference is correspondingly augmented, and the intra- 
ocular pressure, the level of which is determined by the capillary pressure 
less this difference, therefore falls. Conversely, if the concentration of 
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colloids in the plasma is decreased, the intra · ocular pressure rises to 
approach more nearly the hydrostatic level in the capillaries. 

(2) Variation of the intra-ooular pressure with the osmotic pressure of 
the crystalloids of the blood. The effects of changes in the osmotic concen- 
tration of the crystalloids of the blood on the intra-ocular pressure were 
first experimentally investigated by Hertel [1914], and formed the 
subject of a series of experimental researches by one of us [1926 a]. The 
issue, however, was to some extent obscured by the accompanying varia- 
tions in the general blood-pressure. In the perfused eye, when all other 


onen. 


Fig. 1. : Fig. 2. 


Fig. 1. The fall of intra-ocular pressure with an increase in the concentration of colloids 
in the blood in the perfused eye. The perfusion fluid consisted of a mixture of normal 


whipped blood and 15 p.c. gum arabic. The breaks in the tracing denote 10 minute 
intervals. 


Fig. 2. The rise of intra-ocular pressure with a diminution in the concentration of colloids 
in the perfused eye. Perfusion was performed with a mixture of two-thirds normal 
whipped blood and one-third isotonic saline. The breaks in the tracing denote 
10 minute intervals, 


conditions are maintained constant, the effect is clearly seen. In one 
series of experiments an increase in the concentration of crystalloids 
was obtained by perfusing with a mixture of two-thirds blood and one- 
third 20 p.c. saline: it will be seen that the intra-ocular pressure falls 
(Fig. 3). A decrease of concentration in crystalloids was obtained by 
similarly perfusing with a mixture of four-fifths blood and one-fifth dis- 
tilled water: the consequent rise of pressure is evident from Fig. 4. 
It would seem that the action of this factor upon the pressure of the 
eye is two-fold. The effect is due in the first place to an abstraction from, 
or an addition to the quantity of the intra-ocular fluid, for the eye shares 
in the general dehydration or water-logging of all the tissues of the body 
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which follows a change in the osmotic value of the blood, a mechanism 
which is universal in all mammals above elasmobranch fishes. The me- 
chanism seems exactly parallel with the changes in intra-cranial pressure 


Fig. 3. The fall of intra-ocular pressure on increasing the concentration of crystalloids in 
the perfusing blood. A mixture of two-thirds blood and one-third 20 p.c. saline was 
perfused. The breaks in the tracing denote 10 minute intervals. 


Fig, 4. The rise of intra-ocular pressure on decreasing the concentration of crystalloids in 
the perfusing blood. A mixture of four-fifths blood and one-fifth distilled water was 
perfused. The breaks in the tracing denote 10 minute intervals. 


which were demonstrated in similar circumstances by Weed and his 
co-workers [1923]. It is interesting that this technique can be success- 
fully used clinically to lower the tension of the eye in cases of glaucoma 
[see Duke-Elder, 1926 ö], and here the effect may last for some days. 


yee 
4 
ox. 
“a 
. 
. 
. 7 
d 
a 
** 
4 
1 
* 
N. 7 
5 
2 a 
4 = 
* 
4 * 
3 
4 * 
4 
* wi 
7 
4 
4 
8 
. 
— 
4 
* 
7 
* 
d 
> * 
4 
4 a 
£ 
— 4 
q 
„ 
* 
1 
2 
* 
~ 4 iS 4 


272 P. M. DUKE-ELDER AND . S. DUKE-ELDER. 


It is obvious that osmotio equilibrium must be re-established before this 
time has elapsed, a circumstance which seems to point to the probability 
that this comparatively simple mechanism is complicated by more 
complex physico-chemical changes in the vitreous body, the state of 
turgescence of which can be diminished by increasing the concentration 
of salts in the fluids bathing it [Duke-Elder, 1929 6, 1930]. 

(3) Changes in the intra-ocular pressure with changes in the reaction 
of the blood. The work which has been done hitherto upon the variations 
of the pressure of the eye with changes in the reaction of the blood has 
been inconclusive. Experiments on the eye in vitro, or injections of 
alkalis or acids into the globe in vivo, can lead to no conclusive results 
since the vascular conditions and the pressure equilibrium are completely 
upset by any such procedures. The only experimental endeavour to 
change the reaction of the blood of the living animal with this end in 
view with which we are acquainted is that of Nakamura [1926], who 
injected animals with solutions of varying pH and recorded the changes 
in the pressure of the eye. He found a fall of pressure with acid solutions 
and no observable alteration with alkalis, but he concluded that the 
former change was accounted for by the accompanying derangement of 
the osmotic concentration of the plasma which followed the injection of 
the solutions which he used. At the same time, the disorganization of 
the essential functions of the experimental animals by the change of the 
pH of the body fluids produced completely abnormal conditions, masking 
the effect of the experimental variant and frequently resulting in the 
death of the animals. In the present experiments, however, the conditions 
of artificial perfusion allow of these difficulties being overcome. In order 
to render the reaction of the perfusing blood more acid, a small quantity 
of lactic acid was added to the blood in one of the reservoirs slowly, drop 
by drop, until the reaction showed a pH value to electrometric readings 
of 6; in this way the change of reaction is brought about without any 
significant osmotic change, and the experimental record showed a dis- 
tinct drop in the intra-ocular pressure (Fig. 5). Conversely an alkalosis 
of the perfusing blood was induced by the similar cautious addition of 
sodium hydroxide until the reaction was in the neighbourhood of pH 8. 
The curve here showed a slight rise in the intra-ocular pressure (Fig. 6). 

The interest of these last observations lies in the demonstration they 
provide that a swelling or shrinkage of the vitreous body can bring about 
definite alterations in the pressure of the eye. Considering every possi- 
bility these pressure changes might be caused by a swelling or shrinkage 
of the coats of the eye, of the lens, or of the vitreous body. Although 
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the sclera and cornea do swell in acid or alkaline media, the alteration 
is too small within the limits of variation of the reaction employed here 
(or which are compatible with life) to be of any significance [Duke- 
Elder, 1929 5]. The volume of the lens changes, decreasing in acid 
solutions and increasing in alkalis [Duke-Elder, 1930], but in a general 
sense these changes run parallel to and are much less marked than 
changes in the vitreous body. It was shown in a previous paper by one 
of us [1929 a] that this last is a true gel, and it has been more recently 
demonstrated that it suffers.a turgescence or deturgescence when its 
reaction is altered towards the alkaline or acid side respectively of the 


Fig. 6. 


Fig. 5. The fall of intra-ocular pressure in the perfused eye with acidified blood, the reac- 
tion of which had been decreased to pH 6 by the addition of lactic acid. The breaks 

in the tracing denote 10 minute intervals. 

Fig. 6. The rise of intra-ocular pressure in the perfused eye on perfusion with alkaline 
blood, the reaction of which had been raised to pH 8 by sodium hydroxide. The 
breaks in the tracing denote 10 minute intervals. 


normal reaction [Duke-Elder, 1929 ö, 1930, in the latter of which the 
appropriate literature is cited]. It is not suggested that in clinical con- 
ditions of glaucoma or hypotony an alteration of the reaction of the 
blood is a factor of any considerable importance in bringing about 
changes in the pressure of the eye: indeed, those clinical observations 
which have been made upon the subject would point to the fact that it 
is not, for in most cases of glaucoma the reaction is unchanged, although 
the extremely soft eye met with in the acidosis of diabetic coma may 
have some significance. It is true that the clinical and pathological 
appearance of the eye in many cases of glaucoma strongly suggests that 
a cause of the rise of tension is a swelling of the vitreous body, but it 
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seems to us much more probable that such clinical effects are produced 
not by changes in the reaction of the blood, but by alterations in the 
metabolic activity of the vitreous body itself, a matter which has hitherto 
been almost completely neglected, and which will be made the subject 
of a further study. The fact, however, that alterations in the turgescence 
of the vitreous body do produce pressure changes in the eye in experi- 
mental conditions is of significance. 


CoNncLUSIONS. 

From experiments upon the surviving perfused eye in conditions 
wherein the effects of systemic influences are eliminated, it is found that: 

1. The intra-ocular Pressure falls with an increase in the osmotic 
concentration of colloids in the blood, and rises with a decrease in their 
concentration. 

2. The intra-ocular pressure falls with an increase in the osmotic 
concentration of the crystalloids in the blood, and rises with a decrease 
in their concentration. 

3. Within limits of changes in the reaction of the blood confined to 
one unit of pH on either side of the normal reaction, the intra-ocular 
pressure falls with an increase of acidity, and rises with an increase of 
alkalinity. 

The mechanism of these changes is discussed: they are all compatible 
with the theory that the aqueous humour is a dialysate of the capillary 
blood, and that the vitreous body is a hydrophilic gel. 


It is a pleasure to acknowledge the help and encouragement we ies 
received from Prof. Lovatt Evans. 
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THE INFLUENCE OF ADRENALINE ON 
CARBOHYDRATE METABOLISM. 


By DUNCAN LEYS. 
(From the Medical Unit, Welsh National School of Medicine, Cardiff.) 


Cori and Cori [1928] have found that adrenaline causes an immediate 
increase of lactic acid in the blood of rabbits, associated with, but not 
in direct proportion to the hyperglycemia. The effects of muscular 
activity were obviated by using an anesthetic. Tolstoi and his co- 
workers, while studying the effect of insulin upon the respiratory quo- 
tient of diabetics [1924], found a similar action on the lactic acid in the 
blood of four non-diabetic men, 1 hour after the subcutaneous injection 
of 15 to 25 minims of adrenaline solution. 

In the following experiments the effect of adrenaline upon the blood 
sugar and blood lactic acid of convalescent adult patients in a general 
hospital ward was studied. Subcutaneous injections of 0-5 and 0-75 c.c. 
of a 1:1000 solution of adrenaline were given in the morning, 4 hours 
after a light breakfast, and the subjects remained in bed throughout. 
Estimations were made upon a tungstic filtrate (Folin-Wu method) 
from venous blood obtained before and 45 to 50 minutes after the 
adrenaline was given, the sugar by the Folin-Wu method, and the 
lactic acid by the method of Friedemann, Cotonio and Shaffer 
[1927]. The recovery figures obtained from zinc lactate added to pre- 
viously estimated filtrates are given in Table I. 


Taste I. 
Dino lactate Laotio acid recovered (mg.) Theoretical 
added (mg.) r Img.) 
2 1-48 1-48 1-48 1-48 1-46 
1 0-675 0-788 0-765 0-76 0-73 


The greatest error is seen to be in the 1 mg. estimations, and since 
the lactic acid in 10 c.c. of a filtrate from normal resting blood contains 
only a fraction of a milligram, this might be considered serious, As will 
be shown, however, the proportionate increases after adrenaline are 
sufficiently great for conclusions to be drawn. Repeated estimations of 
the same filtrates, expressed as mg. per 100 0. o. blood, gave results shown 
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in Table II. Bisulphite fixing substances other than the aldehyde from 
lactic acid may be produced, the glucose probably accounting for the 
greatest error. When quantities of glucose varying from 1 to 10 mg. were 
added to previously estimated filtrates, it was found that 1 mg. glucose 
yielded an equivalent of 0-015 to 0-018 mg. lactic acid, i. e. a normal blood 
sugar would account for 1-5 to 1-8 mg. of the recorded lactic acid per 
100 c.c. blood. | 
II. 


| 
Lactic acid per 100 c.c. blood (mg.) deviation 
Filtrate | — Mean (P. e.) 
A (10 0. o. nei 20-7 20-7 207 18:9 18-9 19-9 5 
B (10 o. o. used 180 205 205 16-0 — 18˙1 12 


C (5c.c. used) 31-5 33-7 29-2 — — 31-4 7 


On the same filtrates an estimate was made of reducing substances 
other than sugar by using a 10 p.c. suspension of washed yeast cells as 
a diluent in place of distilled water during the protein precipitation, 
following the method of Somogyi [1927]. Five minutes was found to 
be long enough for the mixture to stand at room temperature to ensure 
complete fermentation of added glucose: that the residual reducing sub- 
stances are not derived from the yeast is shown by obtaining a constant 
figure whether a 10 or 20 p. o. suspension of yeast is used. In normal 
blood of a resting man the residual reduction after fermentation corre- 
sponds to about 20 mg. glucose per 100 c.c. blood. The figure is different 
when different means of precipitating the proteins are used. Herbert 
and Groen [1929] and Herbert, Bourne and Groen [1930] have 
produced evidence that glutathione is responsible for the residual re- 
duction, and that tungstic filtrates give a stronger nitroprusside reaction 
than zine or iron filtrates. In estimating the residual reduction, I c.c. 
of a standard sugar solution (0-2 mg.) was added to the copper solution 
before the filtrate, so that the resulting reduction might be large enough 
to estimate colorimetrically. The differences found as a result of adre- 
naline injection were found to fall within the limits of experimental error, 
so that the increased reducing power of the blood may be taken to be 
due entirely to glucose. 

In two cases the diastatic power of the blood was estimated in 
buffered solution at approximately pH 6-7, but no change was found to 
accompany the rise in the blood sugar, bearing out the supposition that 
the blood diastase is an adventitious overflow from the pancreas, without 
significance in metabolism. | 

Table III shows the effects of adrenaline on the blood-pressure, blood 
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Tam III. 


The estimations were made on blood taken immediately before and 
45 to 50 minutes after the adrenaline was given. 


Blood · pressure Blood sugar Blood laotio acid 
| (mm. Hg) (mg. per 100 0. 0. blood) (mg. per 100 o. o. blood) 

Case given ence 
no. (mg.) Before After (p.c.) Before After (p.c.) Before After (p.c.) 
1 0˙5 148 178 62 133 114 16-7 29-2 92 
2 0-5 118 125 10 69 86 21 160 360 125 
3 0-5 130 1365 77 100 30 180 23-0 28 
4 0-75 155 186 31 86 149 73 135 24-7 83 
5 0-75 145 152 7 57 y; ae 1 23-6 31 
6% OTS 128 170 42 82 122 49 1560 281 87 
Tt 06 145 185 40 85 167 90 126 409 224 
8 0-75 126 138 13 75 148 97 216 29-7 37 
9 0-75 105 125 20 83 121 48 11.7 207 77 


* Palpitations. Sinus arrh 3 

+ An attack of faintness about 30 minutes after the adrenaline. 
sugar and blood lactic acid. The figures for glucose are given after sub- 
traction of the ‘‘residual reduction.” In every case the small dose of 
adrenaline given was enough to raise the lactic acid of the blood con- 
siderably. Cori and Cori [1930] have shown that as small an amount 
as 0-002 mg. per minute per kg. given intravenously in rabbits is effective 
in causing hyperglycemia, and the absorption from subcutaneous in- 
jection is so slow that effects are apparent for over 3 hours, while the 


effects of a single intravenous injection pass off rapidly. Corkhilland — 


Marks [1930] found carbohydrate effects when the dose was absorbed 
too slowly to produce evident sympathetic stimulation. 

There is no simple relationship between the figures for sugar and 
those for lactic acid, but there is no considerable change in one without 
a corresponding change in the other, and in the blood-pressure. Cases 
2, 3 and 5 show a very small effect on the blood-pressure, and show the 
smallest change in the blood sugar: cases 3 and 5 show the smallest 
change in the lactic acid. | 

The average estimate of the lactic acid in the blood before adrenaline 
was given is 15-8 mg. per 100 c.c. Glucose was not found in any of the 
specimens of urine collected after the second blood specimen was taken. 


DIscussION. 

These results confirm the expectation that adrenaline has a constant 

action in raising the blood lactic acid. Upon the basis of their animal 

experiments Cori and his co-workers [1928, 1930] propose a specification 

for adrenaline in promoting a cycle of carbohydrate metabolism from 
PH. LXXI. 19 
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muscle to liver, breaking dows muscle glycogen, shia 3 Phos- 
phate to lactic acid, promoting synthesis of lactic acid to glycogen. in 
the liver, and mobilizing liver glycogen as glucose. Adrenaline hyper- 
glycemia, however, they conclude, is only in part due to liver glyco- 
genolysis: they find that the venous blood sugar is not increased, as 
compared with arterial, during adrenaline hyperglycemia, to the same 
degree as in alimentary hyperglycemia, and think there is a decreased 
usage of glucose by muscle. The loss of muscle glycogen after adrenaline 
is confirmed by Corkhill and Marks [1930] for the eviscerated spinal 
cat. Earlier estimates of the liver glycogen, showing a decrease, are 
explained by the time elapsed between injection of adrenaline and estima- 
tion of the glycogen, since the Coris and Buch wald[1930] finda decrease 
after 15 minutes, the increase not showing itself until after the first hour. 
They explain the immediate disappearance of muscle glycogen as a con- 
version to hexose phosphate, which they find increased in muscle [Cori 
and Cori, 1930], the increase of lactic acid in blood and muscle not being 
enough to account for all the glycogen disappeared from muscle. That 
adrenaline hyperglycemia has its origin in the liver is not in doubt, 
since no increase occurred after its removal in dogs by Mann and 
Magath [1922]. Such a complicated action can only be explained as 
a stimulation of mechanisms already functioning. Gruber [1922] found 
that adrenaline perfused through fatigued muscle increased its response 
to stimulation, and hyperglycemia can be produced by sympathetic 
stimulation. The evidence suggests that the effects of adrenaline on 
metabolism are also those of sympathetic stimulation. 


SuMMary. 

1. The average of nine estimations of the lactic acid in the blood of 
resting adult convalescent patients was 15-8 mg. per 100 c.c. blood. 

2. Injection of 0-5 or 0-75 mg. adrenaline caused increases in this 
lactic acid of from 28 to 224 p.c. Increases in the blood sugar showed 
no simple relationship to increases in lactic acid, and changes in the 
blood-pressure bore no simple relationship to —— in the blood sugar 
or lactic acid. 

3. The diastatic activity of the blood in two cases was not increased 
as a result of adrenaline injection. 

4. By the method of yeast fermentation, the blood was shown to 
have a “residual reduction” corresponding to about 20 mg. glucose per 


100¢.c. This figure showed no . alteration as a result of 
adrenaline injection. | 
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CARDIAC OUTPUT AND BLOOD DISTRIBUTION. 
Bx H. BARCROFT (Harmsworth Scholar, St Mary’s Hospital, London). 


(From the Physiological Laboratory, Cambridge.) 


Tun methods for the measurement of the output of the heart have 
hitherto, for the most part, dealt only with variations which take place 
over a considerable period of time. The cardiometer has yielded valuable 
results. The method has several objections; the cardiometer is not easily 
adjusted and if badly adjusted yields fallacious results; it presses on 
the coronary veins; the analysis of the records is laborious. The me- 
chanical stromuhr [Barcroft, H. 1929] and the thermo-electric methods 
[Rein, 1928; Gesell, 1926] give accurate and continuous measurements 
of the variations which take place over intervals of a few seconds, and 
therefore open up quite new possibilities of detailed investigation of the 
cardiac output. 

This paper describes changes in the output of the dog’s heart which 
can be produced by various manipulative procedures. An accurate 
collection of such data is of value because it provides a number of definite 
and simple facts which any theory of the circulation must be able to 
explain. 

METHOD. 

Dogs weighing approximately 10 kg. were used. Morphia was in- 
jected half an hour before the experiment, and anesthesia produced by 
a mixture of equal parts chloroform and ether. Artificial respiration 
was established. A cannula attached to a burette was inserted into the 
femoral vein. The chest was opened and the azygos vein, internal 
mammary and mediastinal vessels tied off. The thoracic wall on the left 
side was divided from the sternum to the head of the ribs between the 
fourth and fifth ribs. The ribs were pulled widely apart and secured to 
the table with string. Ligatures on the great vessels were laid ready. 
Heparin, 0-25 g., dissolved in warmed saline solution, was injected 
through the burette. The arrangement of tubes and cannule attached 
to the stromuhr is shown diagrammatically in Fig. 1. The stromuhr was 
filled with warmed defibrinated blood from another animal. The tubes 
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A, B and C were clamped with Spencer-Wells’ forceps. The thoracic 
aorta and 1.V.c. were simultaneously clamped. A ligature round the 
arch of the aorta was pulled firmly towards the head to prevent bleeding, 
and a -.- shaped cut was made in the upper part of the thoracic aorta 
between the occlusions. The cannula D was placed in the cut, pressed 
against the back of the aorta and slid upwards towards the head of the 
animal; the top flaps of the cut opened and directly the cannula was 
above the cut it was ligatured in 
place. The cannula E was inserted 
into the same cut and was ligatured 
in the descending part of the thoracic 
aorta. The Spencer-Wells’ forceps at 
B was removed. Air in the central 
cannula was caught in the stromuhr 
and could be released at will. The 
screw clamp at F was loosened and 
the Spencer- Wells at A removed, air 
above the clamp on the thoracic 
aorta, was driven out through F. 
The clamps on the thoracic aorta 
and I. v. o. were simultaneously re- 


— — — — — 


injected through the burette if there 
had been any bleeding. The arterial 

ure manometer was attached 
at C; if the blood pressure was below 
80 mm. Hg more blood was injected 
immediately to prevent the risk of 
cardiac fibrillation. The cannula G 
was inserted into the peripheral end | 
of a cut in the brachiocephalic artery men 
and the clamp H removed. The left the dog’s 1 Detailed 
subclavian artery was tied off. The 
intercostal vessels opening from that part of the thoracic aorta between 
the two cannule were ligatured. Blood flowed from the heart into the 


stromuhr and thence into the thoracic aorta or brachiocephalic artery. _ 


Thus the total systemic output was recorded. The following data were 
collected from observations made during sixteen different experiments. 
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I. CoMPLETE OCCLUSION OF THE THORACIC AORTA. 


In 1886 de Jager published a paper showing that complete occlusion 
of the thoracic aorta caused increase in the arterial and venous blood- 
pressures. He supposed that the paradoxical increase in the venous 
blood-pressure might have been caused by a collapse of the vessels 
supplied by the thoracic aorta accompanied by a transference of blood 
through the 1.v.c. into the rest of the vascular system. He did not 
measure the systemic output. Burton-Opitz [1921] measured the 
blood flow through the s.v.c. before and after complete occlusion of the 
thoracic aorta.’ His observations show that complete occlusion of the 
thoracic aorta increased the flow through the s.v.c. He did not measure 
the total systemic output. Tigerstedt [1909] measured the systemic 
output in dogs and found increase in the output after stimulation of the 
splanchnic nerve. I have not been able to find any observations on the 
systemic output before and after complete occlusion of the thoracic aorta. 

The typical effects produced by complete occlusion of the thoracic 
aorta in this series of experiments can be seen in Table I. 


Tank I. 
Percentage changes in systemic output Total no. Average 
of obser- percentage 
| of thoracic aorta vations change 
Vagi intact „ +38, + +33, 0, 0, 0, 0, -3, - 15, 13 +10 
vagi cut +53, +50, +40, +30, +27, +25, +25, +25, 21 +25 


+25, +25, +25, +22, +20, +20, +20, +20, 
+20, +15, +15, +10, +10 


Brain destroyed +150, +60, +60, +60, +33, +30, +30, +25, 26 
728, +20, +20, +15, +15, +10, 0, 0, 0, 0, 
~§, +5, 15, -15, — 15, —20, -20, 25 

The striking fact is that after section of the vagi occlusion of the 
thoracic aorta has always produced increase in the total systemic output. 
This is shown in Fig. 2. This increase in the systemic output, after occlu- 
sion of the thoracic aorta, has been observed in spite of fairly high initial 
blood-pressures. Thus in one experiment the blood-pressures before 
occlusion were 120, 105, 95, 85 and 80 mm. Hg respectively, the systemic 
outputs before occlusion were 880, 920, 720, 690 and 750 c.c. per minute 
respectively and the percentage increases in the output after occlusion 
were 25, 20, 25, 25, and 25 respectively. 

The fact that this increase in the systemic output after complete 
occlusion of the thoracic aorta is not observed more frequently when 
the vagi are intact must be that these nerves participate in some vascular 
reflex which sometimes prevents such a possibility. 
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Factor responsible for inorease in systemic output after complete 
: occlusion of the thoracic aorta. 
In four experiments the blood supply to the brain was cut off till 
the rise in the blood-pressure caused by cerebral ansemia could no longer 
be elicited. The brain was then considered to have been destroyed. 


2 


— 


Fig. 2. Thoracic aorta completely occluded at X and released at Y. BP. Arterial blood - 
pressure. BP=0. Arterial blood-pressure base line. S. Stromuhr record. 22 0. o. 
passed through the stromuhr during the interval between successive vertical strokes. 
T. Time in seconds. Stromuhr recording total systemic output. This tracing shows 
that complete occlusion of the thoracic aorta causes increase in systemic output when 
the vagi are cut. (* 2.) 


There was a considerable fall in the blood-pressure; but in the majority 
of cases, as Table I shows, occlusion of the thoracic aorta still produced 
increase in the systemic output. It seemed therefore necessary to look 
for some other factor. 

The immediate cause for the great increase in the flow through the 
vessels supplied by the brachiocephalic artery after complete occlusion 
of the thoracic aorta was not difficult to find. This cause was found to 
be the drainage of blood from the occluded area and its transference to 
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the remainder of the vascular system. For if the thoracic aorta and 1. v. o. 
were occluded simultaneously the systemic output was greatly dimin- 
ished. This is shown in Fig. 3. Thus increase in the systemic output after 
occlusion of the thoracic aorta alone was dependent upon the fact that 
the l. v. O. was patent. This could only mean that, after occlusion of the 
thoracic aorta alone, a quantity of blood passed through the 1. v. o. into 
the heart and was responsible for increasing the systemic output. 


~ 


Fig. 3. Thoracic aorta and inferior vena cava simultaneously occluded at X and released 
at T. PBP. Pulmonary blood-pressure. At X the pulmonary blood-pressure fell 
4-5 cm. of water. BP. Arterial blood-pressure. S. Stromuhr record. 22 0. o. passed 
through the stromuhr during the interval between successive vertical strokes. 
BP=0. Arterial blood-pressure base line. 7”. Time in seconds, Stromuhr recording 
total systemic output. This tracing shows that simultaneous occlusion of the thoracic 
sorta and inferior vena cava causes increase in arterial blood-pressure and decrease 
in systemic output. (x 1-96.) 


de Jager [1886] supposed that after occlusion of the thoracic aorta 


blood flowed on through the 1.v.c. This experiment provides actual proof 
for de Jager’s hypothesis. 


Measurement of blood redistribution after complete occlusion of 
the thoracic aorta. 
The following principle has been employed. Starting with an initial 
blood-pressure of, say, BP, Fig. 3, the thoracic aorta and I.v.c. were 
occluded simultaneously. The blood-pressure rose, say, tothe extentshown 
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between X and Y, Fig. 3. (I do not think attention has been drawn to the 
rise in the blood-pressure observable after simultaneous occlusion of the 
thoracic aorta and l. v. o., experimental evidence of its significance will be 
found later in this paper.) The exact value of the blood-pressure between 
X and Y was noted. All clamps were removed and if the animal was in 
good condition the blood-pressure returned to its original value BP. The 
thoracic aorta alone was then occluded. The blood-pressure rose to a much 
higher value than that shown between X and Y, Fig. 3. After the blood- 
pressure had reached its maximum the transference of blood through the 
I. v. O0. was considered to have been completed. The 1.v.c. was then 
occluded; blood was withdrawn from the brachiocephalic artery through 
the tube F, Fig. 1, till the blood-pressure dropped to and remained at 
the value between X and Y, Fig. 3. It is probable that the quantity of 
blood removed represented approximately the quantity which had 
travelled through the 1.v.c. after occlusion of the thoracic aorta. Two 
values obtained for this were 43 and 46 C. o. | 

No attempt has been made to measure the relative quantities of blood 
given up by different organs after occlusion of the thoracic aorta. It 
seems probable that the splanchnic area would be the chief source. It 
also seems probable that active constriction of the splanchnic area would 
express more blood than is yielded by passive collapse and hence that 
greater effects might be produced on the systemic output. MacKeith, 
Pembrey, Spurrell, Warner and Westlake [1921]; Barcroft and 
Stephens [1927]; and Barcroft and Florey [1929] have proved that 
splanchnic constriction accompanies exercise, and Krogh [1912] has 
given an important account “ the significance of blood redistribution 
during exercise. 


II. Compete OCCLUSION OF THE BRACHIOCEPHALIC ARTERY. 


Burton-Opitz [1921] occluded the brachiocephalic artery and found 
that the blood flow through the 1.v.c. was increased. The typical change 
in the systemic output after occlusion of the brachiocephalic artery in 
this series of experiments is shown in Table II. 

These results show that the typical effect of complete occlusion of 
the brachiocephalic artery is a slight decrease in the systemic flow. 
Vascular reflexes occur after occlusion of the brachiocephalic artery 
when the vagi are intact or cut but have not been observed after destruc- 
tion of the brain. | 
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II. 
Percentage changes in systemic ou Total no. Average 
| of brachiocephalic artery 
Vagi intact +38, +10, +5, +5, +5, 0, 0,0, —5, -, - 
“= -5, 8, ~5, 10, 20. 25, 
v out 25 —3 
-5, 8, —5, —5, - 10, 10, -10, — 10, 
- 10, 15, 20, 20, - 20, 
35 3 


Brain destroyed 000, 000,000, 00,0, 0,0 00, 


28. 8, -10, 10, 10, -20 


III. CompLETE OCCLUSION OF THE SUPERIOR VENA CAVA. 


A decided drop in the systemic output was found in all types of 
experiments. The output was decreased by approximately 50 p.c. of its 
initial value. 5 


IV. CoMPLETE OCCLUSION OF THE INFERIOR VENA CALA. 

A profound drop in the systemic output was found in all experiments. 
The output decreased by approximately 75 p.c. of its initial value. This 
fact is well known already [Burton-Opitz, 1921]. 

Some measurements of the redistribution of the blood after ‘ins 
the 1.v.c. have been made. The method used was a modification of the 
method which has already been described for the measurement of the 
redistribution after complete occlusion of the thoracic aorta. These 
measurements show that, after occlusion of the 1. v. o., in one experiment 
48 c.c. entered the thoracic aorta and 47 c. c. in another. 

In many experiments the observations were taken in the following 
order: thoracic aorta alone occluded; brachiocephalic artery alone 
occluded; 8. v. C. alone occluded; 1.v.c. alone occluded. The typical result 
showed that the systemic output was increased by occlusion of the 


thoracic aorta; slightly decreased by occlusion of the brachiocephalic — 


artery; further decreased by oostusion of the s.v.c.; most decreased by 
occlusion of the 1.v.c. 

These facts, among others, have been taken into consideration in 
the construction of an artificial peripheral vascular system which is be- 
lieved to embody the essential physical properties of the animal’s peri- 
pheral vascular system. The nature and behaviour of this peripheral 


vascular system when attached to the animal’s heart will be described 
in a future paper. 
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V. SIMULTANEOUS COMPLETE OCCLUSION OF THE THORACIC AORTA 
AND INFERIOR VENA CAVA. 


_ have not been able to find any data in the Literature concerning 

8 arterial blood-pressure and redistribution of blood after this 
ure 

Fig. 3 shows that after simultaneous occlusion of these vessels the 
blood-pressure rises and the systemic output is diminished. This has 
been observed in all experiments. Great care was taken to perform the 
occlusions simultaneously, so that no blood could reach the heart through 
the 1. v. O. after occlusion of the thoracic aorta. 


Fig. 4. Thoracic aorta and inferior vena cava simultaneously occluded at X and released 
at T. BP. Arterial blood-pressure. BP=0. Arterial blood-pressure base line. 
8. Stromuhr record. 22 c.c. passed through the stromuhr during the interval between 

‘ gueeessive vertical strokes. 7”. Time in seconds. Stromuhr recording blood flow 
through brachiocephalic artery only. This tracing shows that simultaneous occlusion 
increases the flow through the brachiocephalic artery. ( x 2˙37.) 


In some experiments the stromuhr was placed in the brachiocephalic 
artery only; Fig. 4 shows that simultaneous occlusion of these vessels 
then causes rise in arterial blood-pressure accompanied by increase in 
flow through the brachiocephalic artery. The same results were always 
obtainable when the brain was destroyed. 


Factor responsible for increase in arterial blood-pressure and inorease in 


flow through brachiocephalic artery after simultaneous occlusion of 
thoracic aorta and 1. v. o. 
_— this phenomenon would be explained by a concomitant 
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transference of blood from the heart and lungs of the animal to the 
vessels supplied by the brachiocephalic artery. 

On a priori grounds such a transference might be explained by the 
fact that the diminished systemic output might cause: 

1. Some collapse of the vascular bed of the lung. Daly [1928] has 
shown that, other things being equal, the volume of blood in the lungs 
is a function of the blood flow through the lungs. 

2. Some decrease in the volume of blood in the heart. Patterson, 
Piper and Starling [1914] have shown that the volume of blood in 
the heart is a function of the output of the heart. This will, however, 
be counteracted to an unknown extent by the rise in the blood-pressure. 


Fig. 5. Arrangement of vascular system used for experiment described in text. A. Brachio- 
cephalic artery. C. Superior vena cava. D. Inferior vena cava. E. Thoracic aorta. 
S. Stromuhr. R. Resistance on heart lung apparatus. B. Screw clamp on tube from 


wire applied at 
Band £. 


If this was the true 5 then the greater the diminution in 
the flow through the heart and lungs, consequent upon simultaneous 
occlusion of the thoracic aorta and 1.v.c., the greater should be the 
transference of blood to the brachiocephalic artery, and the greater the 
rise in blood-pressure in and flow through that artery. This was then 
put to the test. 

The arrangement used is shown in Fig. 5. In the otherwise intact 
animal the peripheral parts of the heart-lung apparatus [Patterson 
and Starling, 1914] were substituted for the vessels connecting the 
thoracic aorta with the 1.v.c. At the commencement of each observation 
in the series described below the blood-pressure was the same and was 
made so by adjustments of the resistance R. Since the arterial blood- 
pressure was constant, the flow through the brachiocephalic artery was 
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always the same and was recorded by the stromuhr at the position S. 
The flow round the artificial circuit representing the body vessels could 
be set at any value by adjusting the screw clamp B. The pulmonary 
| ure was recorded. Starting in each case with as nearly the same 

conditions of blood-pressure and flow through the brachiocephalic artery, 
the tubes representing the thoracic aorta and 1. v. C. were simultaneously 
clamped : 

(1) 80 C. c. per minute. 
Tracing 1. Fig. 6. 

(2) During a medium flow round the artificial circuit. 355 c. 0. per 
minute. Tracing 2. Fig. 6. 

(3) During a large flow round the artificial circuit. 555 C. 0. per 
minute. Tracing 3. Fig. 6 

These tracings show that after occluding the artificial circuit at both 
ends: 

(1) The increase in the arterial blood-pressure, 

(2) The increase in the flow through the brachiocephalic artery, 

(3) The decrease in the pulmonary blood-pressure varied directly 
with the initial flow round the artificial circuit. 

The greater the flow round the artificial circuit, the greater was the 
diminution in the work of the heart and in the pulmonary flow when this 
circuit was occluded at both ends. Hence the greater the — of 
blood transferred to the brachiocephalic artery. 

In some experiments after the pressure in, and flow 8 the 
brachiocephalic artery had been increased in the manner just described, 
blood was withdrawn from it (at the stromuhr 8, Fig. 5) till the blood 
flow and blood-pressure fell to their initial values (which they did 
simultaneously). Thus in one observation the initial flow round the 
circuit representing the body was 675 c. c. per minute and after clamping 
this circuit off the removal of 51 c.c. restored the blood flow and the 
blood-pressure to its initial value, in another observation an initial flow of 
80 c. o. per minute necessitated the removal of 18 c.c. It is probable that 
these quantities represent approximately the quantities of blood which 
were transferred from the heart and lungs to the vessels of the brachio- 
cephalic artery. 

In the experiment just described the animal’s brain had been 
destroyed. 

Exactly comparable phenomena have been observed after simul- 
taneous occlusion of the brachiocephalic artery and s. v. 0. 
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SuMMARY. 


1. The systemic output of the heart has been measured in dogs 
with the mechanical stromuhr. 
2. Complete occlusion of the thoracic aorta increases the systemic — 
output after section of the vagi. 
3. This is shown to be due to a transference of blood from the vessels 
supplied by the thoracic aorta to the remainder of the vascular system. 
4. Simultaneous occlusion of the thoracic aorta and I. v. O. causes 
increase in the blood-pressure and in the flow through - brachio- 
1 cephalic artery. 
* 5. This is shown to be due to the transference of a quantity of blood 
from the ee system to the remainder of the vascular 


system. 
8 I am very grateful to ee n and Dr Antep for their help ‘ 
and criticism. 
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ADEQUATE ELECTRICAL STIMULI FOR POSTURE 
AND MOVEMENT. 


By GRACE BRISCOE. 


Frm of London Sh 
of Medicine for Women.) 


INTRODUCTORY. 


Muscze has two main functional activities, the holding of posture and 
the carrying out of movements. The characteristics of each form of 
activity are described in Sherrington’s classical article on the Pos- 
tural Activity of Muscle and Nerve” [1915]. In the present investigation 
an endeavour has been made to reproduce these differing forms of 
activity by supplying the ‘peripheral motor nerves with suitable electrical 
stimuli 

Methods of stimulation which can produce phasic contractions and 
co-ordinated movements of natural form in peripheral preparations have 
already been described [Briscoe, 1928; Briscoe and Leyshon, 1929]. 
Although the stimuli used in those investigations were adequate for 
maintaining postural contraction for short periods (e.g. during the ex- 
piratory pauses of slow respiration), they were not tested over prolonged 
periods, Under the conditions here described posture can be maintained 
for hours, and the muscle can be made to pass from one _— of activity 
to the other. 


The muscle chiefly used has been the quadriceps of the cat, and the 
preparation is so arranged that when the quadriceps is in full postural 
contraction the leg and foot are held straight up in the air. The leg is 

denervated by severing the sciatic and femoral trunks. Peripheral 
branches, except those to the experimental muscle, are also severed. 

The neon lamp flashing circuit [Briscoe and Leyshon, 1929; 
Leyshon, 1930] has been used to supply the iterative stimuli, and by 
its flexibility has proved extremely useful in working out suitable con- 
ditions of stimulation. The rate of stimulation has been recorded simul- 
taneously by an automatic frequency marker [Leyshon, 1931]. With 
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the neon lamp circuit any rate of stimulation between 1 or less a second 
and 1000 a second can be easily secured. Moderate changes in rate can 
be obtained by altering the series resistance or the voltage applied to 
the lamp circuit. For example, with the same lamp, a fixed condenser 
(e.g. 0-14 mf.) and a suitable fixed resistance, alteration of the applied 


voltage from the lowest value to the highest value consistent with 


regular flashing will raise the rate from 20 to 100 a second approximately. 
This alteration only increases the rate of flashing; it makes no appre- 
ciable difference to the quantity or shape of each individual discharge 
of the condenser. If the resistance and applied voltage are kept fixed, 
large alterations of rate can be made by changing the variable capacity. 
Suppose that 0-204 mf. (made up of 0-2 mf. and 0-004 mf.) be in circuit, 
the rate can be instantly changed from 20 to 500 a second, by removing 
the 0-2 mf. capacity. Since there is an approximately inverse ratio be- 
tween capacity and rate, the amount of electricity which can enter the 
nerve per second is approximately (within 10 p.c.) the same in the two 
cases, but arranged differently. In order to find quickly the conditions 
for any desired rate, graphs have been constructed showing the de- 
pendence of the rate of flashing on (a) the series resistance, (b) the applied 
voltage, (c) the capacity, other conditions being kept constant. The 
actual amount of potential applied to the nerve is regulated by a small 
potential divider in the electrode circuit, and the amount can be varied 
rhythmically when desired. 

It is not essential to use the neon lamp discharge to maintain pro- 
longed posture. Ordinary induction shocks can be used if the right 
conditions are observed. When low rates of 20 to 30 a second are re- 
quired, a vibrating reed is used to interrupt the primary current. For 
faster rates a Neef’s hammer is employed. 

In applying the electrical stimuli, platinum electrodes are used, the 
nerve being shielded and kept warm by a flap of skin. If properly pro- 
tected the threshold will remain practically constant for hours. The nerve 
is threaded under and over the electrodes and the attached thread is 
secured to the electrode holder by plasticine, so that the nerve does not 
slip and is maintained at a slight constant stretch. The negative pole is 
placed next the muscle!. 

The blood supply of the muscle is interfered with as little as 
possible, 

1 In a former communication it was stated, in error, that the positive pole should be 
placed next the muscle, Posture can be maintained whichever way the current flows, but 
the threshold is considerably lower when the negative pole is next the muscle. 
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anesthetics. 


The results of these experiments show that in order to obtain satis- 
factory postural contractions prolonged for periods running into hours, 
the following experimental conditions are necessary: (a) a low rate of 
stimulation, (b) a depth of anesthesia in which the corneal reflex is still 
present, (c) an adequate blood supply to the muscle. 

Conversely it may be stated that if a steady state of postural con- 
traction has been secured in a muscle, then this posture can be made 
to give way at any time, either by increasing the rate of stimulation, or 
by deepening the anesthesia or by obstructing the blood supply, and it 
can be restored by reverting to the original conditions. The conditions 
for phasic movements are less rigorous, They are given with those for 
posture in the or paragraphs. 


(a) Rate of stimulation. 


Gn (b) and (e) having been provided, the rate of the stimu- 
lation determines its suitability, either for postural or phasic contraction. 


If the rate be low (close to the fusion rate of the pafticular muscle em 


ployed) then a full steady posture can be maintained, but the same rate 
(with phasic variation of amplitude of stimulus) will not give smooth 
phasic action. On the other hand, a rate which is well above the fusion 
rate will produce a smooth movement, but will not maintain a full 
posture. For brevity these rates of stimulation will be referred to as 
postural stimuli and movement stimuli. These terms are only meant to 
indicate the results achieved in the muscle by the different rates. If the 
same muscle be used, the rates will vary slightly in different preparations, 
but if different muscles are employed the rates will vary considerably. 
It will be noted that the fusion rates quoted appear to be low compared 
with those obtained by other observers. For instance, Cooper and 
Eccles [1930] give 100 a second as the fusion rate in a cat's gastro- 
cnemius, whereas a steady posture has been obtained in that muscle 
with a stimulation rate as low as 16 a second. In their experiments, the 
conditions were isometric, the intensity of stimulation strong and a high 
magnification in recording was used. In the present experiments the 
conditions are isotonic, the intensity is just sufficient to bring the leg 
into a posture of full extension, and no magnification is necessary: the 
criterion is a holding which appears to the naked eye to be perfectly 
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steady. A rate which is just below fusion rate will give a postural con- 
traction which, at first, is slightly tremulous, so that the stimulation 
rate can be read in the muscle record, After a minute or two the con- 


Fig. 1. Contraction downwards in all tracings. Cat. Quadriceps. Dial anesthesia. Cut 
motor nerve excited by different frequencies, no change in quality or intensity of 
stimuli. A and B taken before C. A. Frequency 135 per second. Contraction gives 
way quickly. B. Frequency 82 per second. Decline more gradual. C. Frequency 
26 per second. Contraction (leg in posture of full extension) holds, tested for 16 minutes. 
During the 10-minute pause there is no decline of posture but slight recruitment, In 
this preparation the postural rate of stimulation was slightly higher than usual. 
D is a continuation of the postural effect seen in C. Between the arrows the rate of 
stimulation was suddenly increased to 135 a second. Posture began to decline and 
was restored when the rate was lowered to 26 a second. Top signal shows rate of 
movement of drum during tracings. Time 1 second. Below frequencies of stimulation 
on faster rates of drum. Time } sec. 


traction becomes steady, so that the stimulation rate can no longer be 
read in the muscle record, 
in a steady posture. 

Any postural contraction which holds for 5 minutes without sign of 
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giving way is considered to be a steady posture. Experience indicates 


(though it is obviously impracticable to prove the statement definitely) 
that any postural contraction which lasts for 5 minutes without sign of 
giving way will continue for hours, if the conditions are kept right. This 
only applies to animals under combined ether and dial anesthesia. — 
dial alone the test periods must be longer. 

The postural rate for a particular muscle is found by starting with a 
rate which is low enough to produce an incomplete tetanus, so that a 
tremulous partial posture is seen. This rate is then raised step by step 
(by, for example, altering the voltage applied to the lamp circuit) until 
the posture becomes perfectly steady (Fig. 1). The intensity of the 
stimulation is kept as low as possible, and may be of such an order that 
it has to be multiplied ten or even twenty times before it is perceptible 
to the tongue. 

In the quadriceps of the cat this rate is usually in the early twenties. 


The postural rate having been found and tested, a phasic variation in 


amplitude is imparted to the stimulus. It will be found that the rate 
which is adequate for steady posture is not adequate for smooth phasic 
action. The rate has again to be increased until the rhythmic contractions 
become perfectly smooth. This increased rate is now tested for posture, 
and it will be found that the muscle does not maintain a full steady 
posture, but gives way after a period, the length of which is dependent 
on the depth and quality of the ansesthesia (Fig. 2). Rates in the late 
thirties will usually provide good movements as long as these are on the 
slow side (up to 2 a second). If an attempt is made to produce fast 
(6 a second) movements on a slow basic rate (40 a second) the muscle 
is unable to follow, and no regular rhythmic action ensues. As soon as 
the basic rate is increased regular contractions are again seen. 

The range of rates available for postural stimuli is limited, and the 
upper limit may be within a few stimuli per second of the lower. On 
the other hand, the range of rates available for phasic stimuli is very 
wide (in these experiments between 35 and 1000 per second). The ratio 
between stimulation rate and the rate of movement can be surprisingly 
low. For instance, a quadriceps muscle gave smooth rhythmic contrac- 
tions, lifting the leg and foot into a position of extension, on a basic 
stimulation rate of 46 per second, the rate of movement being 21 per 
second, Over 2000 of these movements were recorded without sign of 
fatigue. A ratio of less than 15:1 has not been found to be effective 
for continuous rhythmic movement. Movements of 6 a second have 
been carried on a basic rate of 100 per second (ratio 17:1) and small 
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Fig. 2. Cat. Quadriceps. Dial and a little ether. A. Stimulation rate, 20 a second; upper 
signal, Time in seconds; lower signal. Movement contractions caused by varying 
phasically amplitude of stimulus. Contraction curve not smooth. At arrow variation 
of amplitude of stimulus was stopped and held at its maximum point. Stimulus 
now adequate for steady posture, tested for 7 minutes, when stimulation was stopped. 
Note recruitment before and during the 6-minute pause. B. Smooth phasic contrac- 
tions on a stimulation rate of 90 per second. Same phasic variation of strength as in A. 
Increase of frequency gives larger movement. When strength of stimulus kept con- 
stant at maximum point V, contraction declines rapidly. On resuming phasic varia- 
tion of stimulus strength, rhythmic contractions again seen. Time in secs. Small 
tracing on faster drum shows rate of stimulation in B. 


7 
2 
2 
0 
4 
4 
0 , 
3 
1 
¥ 
Ag 4 
77 
* 
2 
E. 
Dy 
a 
is 
i 
7 
— st 
＋ 
* 
4 
os 
2 
4 
= ae 
. 
j 
3 
a 
‘ 
7 
‘ 
* 
7 
é 
ts 
A* 


298 | G. BRISCOE. 


movements of 2 per second on a basic rate of 1000 per second (ratio 
400: 1), 

If high basic rates are used without a phasic variation in n 
the musole does not remain in full posture, but only gives a short tetanus 
which rapidly gives way. 

If a muscle is being held in an enduring postural contraction by a 
suitable rate of stimulation, a gradual increase in the basic rate will 
produce a gradual decline of posture, which can be restored by returning 
to the original rate. The rate at which sagging takes place, and its degree, 
depends upon the speed and extent of these changes in rate, the anzs- 
thesia being kept constant (Fig. 1 D). 

If a muscle has been kept in a steady posture for a long period (e.9. 
1 hour) the rate of stimulation can be lowered without impairing the size 
or the steadiness of the contraction. For example, in a quadriceps muscle 
the lowest rate for the initiation of full posture was 23 per second, after 
holding for 1 hour the rate was lowered to 14 a second without pro- 
ducing a visible tremor. This rate at the beginning of the posture would 
have given an incomplete tetanus, so that a posture would not have 
been possible. 

Another point has been 1 noted in preparations after several 
hours activity. The original postural rate of stimulus is no longer capable 
of producing full shortening, even though the strength of the stimulus 
be increased three- and four-fold. A slight increase of rate (say from 
20 to 30 a second) is, however, effective in attaining and maintaining full 
posture. The range of rates within which posture can be produced be- 
comes altered, presumably as the result of prolonged performance. For 
example, at the end of an experiment a quadriceps was put into full 
posture by a stimulation rate of 45 a second (the postural rate in the 
morning having been 20 a second). The posture having been held steadily 
for 15 minutes the rate was reduced to 20 a second. At this rate there 
was slight giving way and tremor, owing to loss of tension between the 
stimuli. The steady posture was restored by reverting to 45 a second. 
At 20 minutes after the beginning of the posture the rate was increased 
to 65 a second. After 2 or 3 minutes the posture began to give way 
slowly, but was restored by reverting to 45 a second. At the end of 
half-an-hour posture was still holding steadily on the 45 a second rate. 

Reoruitment. von stimuli at just below fusion rate, and just below 
maximal intensity, are used to bring a muscle into postural contraction, 
marked recruitment is usually seen. The limb does not move at once 
into a position of full extension, but after a quick initial movement, the 
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process is continued by a series of little steps, and this recruitment may 
be seen for a minute or more, although the strength of the stimuli 


remains unaltered. 


The objection may be made that a postural stimulus should not be 
used to move the limb into position, and this can be avoided by using a 


faster rate to bring about the shortening 
of the muscle, and then reverting to the 
slower rate when the posture has been 
attained. This recruitment with postural 
stimuli of low rate and low intensity is) 
however, of interest, as a similar process 
of de- recruitment is seen during relaxas 
tion. 

Relazation. Relaxation curves from the 
same muscle, but after different durations 
of postural contraction, show that thé 
longer the posture, the slower is the return 
to the normal resting length. The reaction 
is best seen in the quadriceps, as the weight 
of the foot and leg tends to restore thé 
resting length as soon as stimulation i 
stopped, unless opposed by some internal 


change in the muscle. 


Fig. 3 gives a series of relaxation curves 
after postures of different durations. It 
will be noticed that the first part of the 
curve is practically the same in all, but 
after the most prolonged posture the first 
quick return movement of the limb may 
be very small. Thereafter the muscle re- 
turns with great deliberation to its resting 
length, and de-recruits always by a series 
of little steps, not by a gradual sagging. 

If it be desired to cut short this pro- 


Fig. 3. Cat. Quadriceps. Dial an- 


wsthesia. Relaxation curves after 
different durations of 


e Relaxation curves after 

minute after 
hr. 9 min. 
in seconds. Posture of full 

extension in all three. 


cess of gradual de-recruitment, two or three passive movements of 
alternate flexion and extension will restore the muscle to its resting 
length, and it will then be ready to take up a fresh posture or perform 
phasic contractions. The change, if such there be, in the internal con- 


dition of the muscle is readily reversed. 
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() The depth of anesthesia. 

Prolonged postural effects were first obtained under “dial” anss- 

thesia (0:5 c.c. to kg. of body weight) [Fulton, Liddell and Rioch, 
1930]. This anesthetic has the useful property of being able to maintain 
an even depth of unconsciousness, without the loss of the corneal reflex. 
The advantage of using a volatile anesthetic like ether in combination 
with dial is that a long sustained posture can be made to give way when 
the anesthesia is deepened by ether (to the loss of the corneal reflex) and 
it will become restored when the ether is blown away (Fig. 4). The return 


Fig. 4. Cat. Quadriceps. Dial and a little ether. Corneal reflex present. Obstruction of 
femoral artery caused decline of posture, which revived when circulation was restored. 
Deepening of anesthesia to loss of corneal reflex again caused decline of posture. 


Revival of posture helped by artificial respiration. Note recruitment during the 
minute pauses. Time in seconds. 


of the corneal reflex is practically coincident with the restoration of 


posture. This reaction can be repeatedly shown in the same preparation. 


Under ether anesthesia alone a postural contraction was maintained 

for nearly 3 hours, and the increasing or the withholding of ether was 

always the signal for a sagging or a restoration of posture. The sagging 

in this experiment was not allowed to proceed beyond the halfway 

position to full relaxation. The decline of posture under deepened anes- 

thesia is much more irregular when ether is the sole anesthetic than 
when dial is also present (Fig. 5). 

Postural stimuli are used at just maximal strength (i. e. just sufficient 
to produce full shortening in the muscle under its natural conditions of 
attachment). If the intensity of the stimulus is increased (by means of 
the potential divider in the electrode circuit) after the sagging of posture 
has begun under deepened anwsthesia, posture will be restored tem- 
porarily, but will soon decline again. Increase of intensity can delay, 
but not prevent the reaction of giving way. 

Deepened anesthesia has a similar effect on phasic contractions. The 
muscle is first made to give a regular series of phasic contractions. These 
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contractions may be reduced to half their size by the time the corneal 
reflex is abolished by ether, but they regain their amplitude after the 
reflex has been restored. : 

It has been shown previously that phasic contractions occur when 
the variations in the amplitude of the stimulus are kept within the limits 
of just maximal and threshold intensities. If contractions have been 
reduced to a small size, as a result of deepening the ether anwsthesia, 


Fig. 5. Cat. Quadriceps. Ether anwsthesia only. Nerve excited by just maximal postural 
stimuli. A. Corneal reflex present. Posture tested for 20 minutes, and then made 
to give way by deepening anesthesia to loss of corneal reflex. B. One minute after 
stimulation stopped in A (corneal reflex still absent), nerve excited with same rate 
and intensity of stimulation. Muscle contracts nearly as well as before but gives way 
after 20 seconds. Time in seconds. 


they can be temporarily restored by increasing the intensity to the point 
which had previously been found to be well above maximal, and therefore 
incapable of producing a rhythmic movement (Fig. 6). It appears that 
the block to conduction produced by the deep ether anesthesia can be 
temporarily surmounted by an increase of stimulus. On reverting to 
the original intensity, it is found that the stimuli which were effective 
while the corneal reflex was present, are now ineffective. On lightening 
effective. 
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When ether is used for induction and dial for maintaining the anes- 
thesia, the giving way of posture caused by increase of stimulation rate 
occurs much more quickly than when dial is used alone. In the first 
case rates of 40 and 50 a second cause sagging in a few seconds, in the 
latter the posture may hold for a few minutes before giving way. (The 
time is taken when the first distinct step in decrease of posture becomes 
apparent.) A posture which held well under ether and dial anesthesia 
with a stimulation rate of 20 a second, began to give way in 3 minutes 
when the rate was raised to 29 a second. Under dial alone rates of 
29 a second will usually maintain full posture for many minutes. 

The range of rates available for posture appears to be much the same 


Fig. 6. Cat. Quadriceps. Ether and dial. Effect of deep ether on phasic contractions. 
P gives readings of potential divider in electrode circuit. Muscle giving phasic con- 
tractions of medium size. Ether administered between the first two arrows. Increasing 
the amount of potential applied caused temporary improvement in the contractions. 
After the corneal reflex was abolished, the original intensity (6-8) was ineffective, but 
gradually became effective after the reflex was restored. Time in seconds. The 
letters above refer to the condition of the corneal reflex. A. Present. B. Sluggish. 
C. Absent. D. Just present. E. Brisk. 


whichever anssthetic is used, either combined or separately, but the 
reaction to increase of rate is demonstrated much more readily when 
ether has been introduced. Occasionally the range of postural rates is 
wider than usual. This may be a question of the exact depth of anæs- 
thesia, as in one particular case where the range was large, the corneal 
reflex was lively throughout the experiment. 

Pithing. On three occasions the animal (under dial anesthesia) has 
been pithed while the quadriceps was in posture. The heart was kept 
going by artificial respiration. The pithing appeared to make no differ- 
ence to the posture which remained steady until artificial respiration 
was stopped. As soon as the heart beats began to get feeble and infre- 
quent, the posture gave way. 

It may be noted in passing that posture has been held, and made to 
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give way and revive again by the deepening and lightening of ether 
anesthesia, after a full dose of atropine has been given intravenously; 
of orgotarnine tartrate. These 
experiments still await confirmation. —_ 


(c) Blood supply to muscle. 

In making the preparations care is taken not to interfere with the 
blood supply of the muscle. If the quadriceps is the experimental muscle 
the trunk of the femoral is freed so as to allow a thread to be passed 
around it. Sufficient traction is put on this thread to occlude the vessel 
completely, and apparently this does not cause injury, as the pulse 


returns as soon as the traction is released. Care has to be taken not to 


pull on the nerve in any way. 

If occlusion takes place after the muscle has been put into contrac- 
tion the posture gives way gradually after a delay of a few seconds 
(Fig. 4). If the vessel is freed as soon as the limb has reached the halfway 
position there is a gradual restoration of posture, although several minutes 
may elapse before the original position is regained. At the end of a long 
experiment the muscle does not seem to be so sensitive to oxygen loss, 
and posture may still hold, although the main blood vessel has been 
occluded. 

Tension. 

It is well known that in reflex preparations the tension of a verte- 
brate muscle acting posturally is considerably less than the tension 
exerted during movements. The tension of a quadriceps muscle in full 
postural shortening from artificial stimuli can be tested by seeing what 
weight it is unable to counteract. A number of muscles have been 
tested in this way, using postural stimuli, and it has been found that a 
weight of 40 or 50 g. attached to the ankle just prevents the muscle 
maintaining its full postural shortening, whether the intensity of the 
stimulus is just maximal for posture or is increased tenfold. Raising the 
rate of stimulation enables the muscle to lift the weight and attain full 
shortening with great ease. 

Heavier weights bring out the difference in tension more clearly. 
For example, an ankle was weighted with 100 g., and the nerve to 
quadriceps stimulated with a postural rate of 24 a second. The muscle 
was only able to raise the leg to the halfway position. (Intensity of 
stimulus just maximal for unweighted leg, increase of intensity sixfold 
did not better performance.) On releasing the weight, the muscle was 
able to attain full shortening. Reapplication of the weight after the 
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limb was fully extended with a just maximal stimulus enabled the 
muscle to maintain the weight in a three-quarter posture. In other 


Fig. 7. Quadriceps. Dial anzsthesia. Strength of stimulus just sufficient to bring un- 
weighted leg into position of full extension, A. Muscle unable to lift weight of 100 g. , 
attached to ankle to more than half-way position, with stimulation rate of 24 a second. 1 
B. Muscle lifts weight to full extension when rate increased to 65 a second. No change 
in stimulus except increase in frequency. Posture gives way rapidly. Partial posture 
restored by reverting to 24 a second. C. Full extension of unweighted leg with stimu- 

lation rate of 24 a second. Same strength as in B and A. 100 g. attached to ankle 
now maintained in three-quarter posture. Increase of frequency effected by changing 
series resistance from half to full strength. Rate of drum 25 mm. in 10 seconds, except 
at beginning of C, where faster movement shows postural stimulation rate. 3 


words, with a postural rate the muscle was able to maintain the weight 
in a position to which it could not attain. An increase of rate (without 
change of intensity) to 65 a second enabled the muscle to raise the weight 
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to a position of full shortening, but it was unable to maintain it there 
for more than 3 or 4 seconds, and the leg quickly sank back towards the 
resting position. Lowering the rate to 24 a second stopped the downward 
trend, and maintained the weighted leg in a partial posture (Fig. 7). 

The reaction is best seen under dial anssthesia only, as, if ether is 
present the reaction of giving way to increase of rate may occur 80 
quickly (accentuated by the weight on the leg) that an opposite effect is 
seen, for when the rate is raised the leg falls back to the table. 

In this type of experiment, a larger quantity of electricity per second 
is supplied to the nerve when fast rates are used, but the following 
experiment shows that rate of stimulation, rather than quantity of 
electricity supplied is the important factor. 

An ankle was weighted with 400 g. and a postural stimulus at 20 a 
second applied to the nerve, the whole of the available potential being 
used. The muscle was just able to raise the weight from the table, but 
having raised it was able to maintain it at that level. The stimulation 
rate was now suddenly raised (by change of capacity) to a rate of 120 
per second. At once the muscle replied with a quick contraction which 
lifted the weight to the position of full extension, but it was unable to 
maintain this posture, and the leg quickly fell back to the resting position. 
A return to 20 a second enabled the muscle to reach and maintain a small 
partial posture. As the alteration in rate was effected by changing the 
capacity in circuit, the total quantity of electricity applied to the nerve 
per second in both cases was approximately the same. With the move- 
ment stimuli the rate was six times as fast and the intensity of the 
individual discharges was six times smaller than in the case of the 
postural stimuli (Fig. 8). 


Discussion. 


The artificial postural contractions described in these experiments 
may be compared with the reflex postural contractions in decerebrate 
rigidity. From at least five aspects the resemblance is very close. 

Fatigue. The most important is the relative non-fatiguability of the 
two preparations. Not only can a peripheral preparation maintain full 
posture for hours without intermission, but at the end of a long day’s 
experimenting when the muscle has been used for 5 or 6 hours for 
alternate postural and phasic reactions, it is capable of initiating and 
maintaining a steady posture. Indeed at the end of an experiment 
posture is maintained with greater ease than at the 

Unpublished experiments carried out with E. Weatherhead indi- 
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cate that the total metabolism (measured by O, intake and CO, output, 
under dial anwsthesia) is but slightly increased from the resting rate 
during postural contractions. 

Rate. It is known [Denny-Brown, 1928] that the action currents 
detected in postural reflexes occur at a low rate, from 5 to 20 a second. 
The action currents in decerebrate rigidity also occur at a low rate, 
5 to 25 a second [Adrian and Bronk, 1929]. In the present peripheral 
preparations rates of 20 a second are commonly used for posture and 
after the posture has been held for a period, the rate may be reduced to 
as low as 14 a second. 


Fig. 8. Quadriceps. Dial anesthesia. Ankle weighted with 400 g. Large discharges at 
slow rate (capacity 0-22 mf.) hardly lift weight. Small discharges at fast rate (capacity 
0-02 mf.) lift weight, but unable to maintain it in position. Change of rate (20 to 
120 per second) and strength indicated by arrows in second signal line. Time in 
seconds, 


Ether. In both reflex and peripheral preparations the postural con- 
traction is abolished by deep ether anzsthesia. 
Blood supply. Prolonged contraction in both preparations is con- 
ditioned by an active circulation. 

Tension. It has been shown that a muscle may be unable to lift a 
heavy weight when its nerve is excited by stimuli at a low rate, whereas 
it can lift the weight easily if the rate of stimulation is increased three- 
or four-fold. This can also be shown even if the size of each stimulus is 
diminished in inverse ratio to the rate, so that the total amount of 
electricity entering the nerve per second, is approximately the same 
when the two rates are tested. This indicates that, as in reflex prepara- 
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tions, the maximal tension of the posturally acting muscle is less than 
when it is acting phasically. 

This observation is reinforced by inspecting and feeling the muscle 
during changes in the intensity of stimulation. A sudden increase of 
amplitude of stimulus to the full potential available, produces a much 
more violent contraction when the stimulation rate is high than when 
it is low. 

It may be added that the recruitment which is typical of the mode 
of development of postural reflexes finds a counterpart I in the initiatory 


_ stages of artificial postures. 


It would not be profitable at the present moment to speculate on the 
mechanism and location of the block which prevents the holding of 


posture at higher rates of stimulation. Any theory to account for the 


different facts which appear to have emerged in this investigation must 
explain (a) the holding of posture within such a small range of rates, 
(b) the observation that after the posture has been held for some time, - 
the rate can be appreciably lowered without loss of tension, (c) the 
apparent insensitivity of the posturally acting muscle at a late stage of 
the experiment to small changes in the experimental conditions which 
would have been detrimental to the posture at an early stage, (d) the 
very different postural effects obtained under ether and dial anesthesia. 


SuMMARY. 


It has been shown that peripheral preparations of mammalian muscle 
can be caused to carry out prolonged postural or phasic contractions if 
suitable electrical stimuli are employed. 

Certain experimental conditions (anzsthesia, blood supply) having 


been observed, the deciding factor is the rate of stimulation. Low rates 


of stimulation (for example 20 to 25 a second) will maintain posture for 
hours, higher rates are suitable for rhythmic phasic contractions. 

Prolonged postures have been obtained under ether anzesthesia — 
dial alone, and under a combination of these two drugs. 

Although the actual rates, the range of rates and the speed of giving 
way in the postures may all vary with different experimental conditions, 
yet the broad principle of the reaction remains the same; that there is 
a limited range of rates within which full steady posture can be held 
without sign of fatigue, and that rates below this range or above this 
range lead either to tremulous action or decline of posture. 

There is no hard and fast line between the stimuli capable of exciting 
tonic or phasic activities in the muscle. 
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On comparing the conditions found in decerebrate rigidity with those 
necessary for exhibiting artificial posture, a close parallelism is observed. 
This suggests that the electrical stimuli employed in the latter case may 
be termed adequate, since they produce effects similar to those resultant 
from natural stimuli. 


My best thanks are due to Prof. Cullis, not only for the use of her 
laboratory, but for constant advice and encouragement. I am also in- 
debted to Sir Charles Sherrington for valuable advice. Mr William 
Lofts has given me much assistance in the experimental work. 
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CONCERNINGd THE AMOUNT OF NITROGEN GAS IN 


THE TISSUES AND ITS REMOVAL BY BREATHING 
| ALMOST PURE OXYGEN. 


Bx J. ARGYLL CAMPBELL AD LEONARD HILL. 
(From the National Institute for Medical Research, Hampstead.) 


Unper normal conditions, that is, at one atmosphere pressure, the total 
nitrogen content of the human body is usually estimated as being about 
1000 0. 0., nearly half of this being present in the fatty tissues. Recently 
Burns [1921] gave the following figures for nitrogen content of a man 
of 70 kg.: blood, 30c.c.; fat, 530c.c.; bone, 0c.c.; residue, 435 ¢.c.; 
with a total of 995 c.c. 

So far as we know, there are no direct observations upon nitrogen 
content of whole tissues. Many results have been published for body 
fluids and, in general, these contain much the same amount of nitrogen 
as water under similar temperatures and pressures. It has been assumed 
that tissues, with the exception of fat, contain nitrogen in quantities to 
be expected in solution in the water content of these tissues. Vernon 
[1907] showed that olive oil, cod-liver oil and lard contain about 5 c. c. 
of nitrogen per 100 c.c. of substance both at 15° and at 37° C. From this 
he concluded that fat of mammals dissolves at least five times as much 
nitrogen as do water, blood and blood plasma. He compared the solidi- 
fying point, melting point, specific gravity and iodine value of human 
fat with those of olive oil, cod-liver oil and lard and, since all three latter 
contain about 5 c.c. of nitrogen per 100 c.c. of substance, he considered 
he was fully justified in assuming that human fat would behave similarly 
as regards gaseous content. In Part I of our present paper we confirm 
these conclusions by direct observations with a mammalian fatty tissue, 
i. e. yellow bone-marrow. 

In connection with problems of decompression of divers it seemed 
of value to estimate the amount of nitrogen which could be removed 
from the body by breathing almost pure oxygen. This we have — 


in Part II of our paper. 
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Part I. EstIMATION OF NITROGEN CONTENT OF 
BONE-MARROW AND BRAIN. 


Method. Vernon used Geissler’s mercury gas pump to remove the 
gases from the fluid fats mentioned above, and he then analysed the 
gases in Haldane’s apparatus. We chose bone-marrow and brain, be- 
cause these tissues could be easily macerated. This was done in a closed 
graduated cylinder. The macerated tissue was well shaken with water 
and a measured quantity of almost 
pure oxygen in a water bath at 37- 
45°C, After 25-60 minutes’ shaking 
the gas was drawn off and analysed, 
often in duplicate, in the large Hal- 
dane apparatus, and the nitrogen 
content of the tissue was calculated 
from the increase in nitrogen content 
of the gas in the cylinder. 

The main object was to devise a 
simple apparatus (Fig. 1) for macer- 
ating the tissue and extracting the 
gas, without admission of outside air. 
Air was excluded by placing all the 
apparatus in a water bath and then 
carrying out all the manipulations 
with the apparatus completely covered 
by water. 


The marrow was placed in the graduated 
cylinder (CY) containing a known quantity 
of water, the rise in the level of the water 
giving the volume of tissue added. A disc of 
paper was then placed over the marrow to 
prevent the marrow rising to the top of the : : 
water. Then the whole cylinder was filled with Fig. 1. 
water at 15°C. and the stopper () put in 
firmly. This stopper was pierced by three openings, a central opening for the shaft (9) 
of the macerator and two side openings for glass tubes. The macerator (M) consisted of 
a number of narrow brass prongs (P) radiating from the central shaft and carrying on their 
under surface a perforated circular plate of zinc (Z), the perforations being 1-5 mm. in 
diameter. A similar zinc disc covered the top of a small block of solid rubber (E) at the 
bottom of the cylinder. The tissue was macerated between these two zinc plates by up- 
and-down and rotatory movements of the shaft (8), which was manipulated by hand. 

Before the tissue was macerated a measured quantity, usually about 30 c.c. of oxygen, 
was run into the cylinder from the rubber bladder (O,) by way of tubes A, B and C, whilst 
a similar quantity of water was run out of the cylinder by way of tube D. 
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The shaft (S) of the macerator was free to move through a metal tube (T) in the 
stopper (T). It was tightly clasped by rubber tubings (J and V,) above and below the 
stopper (I), so that although the shaft (S) could be moved fairly easily up and down 
through 7’, only a slight leakage of grease occurred under V and V,, which were made 
to adhere closely to the shaft (S) by means of wire strands fixed fairly tightly around 
their outer surfaces. The shaft was well lubricated with grease and tube T was filled with 
water to exclude air before the shaft (S) was inserted through / and V,; the macerator 


_ (MM) could be screwed off its shaft to allow of this insertion. 


All tubes were filled with water at 15°C. and the apparatus submerged before finally 
assembling for admission of oxygen and maceration of tissue. 

Before the tissue was macerated the cylinder was connected by way of C with a water 
manometer so that pressure changes during maceration could be observed, and finally the 
pressure in the cylinder was equalized with that of the outside air. 

After maceration the tissue—still under water at a temperature 
high enough to melt the fat—was well shaken with the oxygen and 
water in the cylinder for about 30 minutes or more. Then the level of 
gas in the cylinder was read off and the gas withdrawn by way of tubes 
C and B for analysis. Only a trace of combustible gas was present. 

For control exactly similar observations were made with water, but 
without the tissue. In such experiments, after making allowance for 
any nitrogen in the water and in the oxygen, there was always an excess 
of nitrogen, usually about 0-53 c.c. This excess had come probably in 
part from the rubber fittings and, although great care had been taken 
to exclude all air, some very small bubbles may have escaped notice. 
Twenty blank experiments of this nature were performed, details of 
some of them being given in Table I. The average excess nitrogen 


Tann I. Blank experiments. 


Volume of water N. o. c. unaccounted for at 
taken (c.c.) 37° G. and 750 mm. Hg 

0-46 

0-46 


ERBE 
f. f. fl. fl. f. f. 
S8888 


150 
142 
144 
143 0-56 
108 
92 
86 
88 
96 


— 
8888 


Average 0-53 
worked out at about 0-53 c. 0., and this amount has been deducted in 
each experiment with tissue. Examples of calculations used in a blank 
experiment and in a bone-marrow experiment are given below. 


Blank experiment. 24. vi. 30. 144 c.c. tap water at 15° C. placed in cylinder with 30 0. o. 
gas (0,=98-34 p. c., N,=1-66 p. o.), and shaken up in water bath at 37° C., for 25 minutes; 
P=747 mm. Hg. Nitrogen content of gas after shaking=9-6 p.c. of 30 0.c. =2-88 C. o. 
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Nitrogen content of gas at start =0-5 o. o.: N. content of water at start = 1-94 o. o.; at end at 


37° C. water still contained about 0-15 c.c, N. (oes of 1-4 ae. so that N, from water = 


1.70 0.0. Total accounted for in gas at end =2-29 .0. (O- ö 0. o. + 1-79 0. o.). Therefore nitrogen 
unaccounted for = 2-88 — 2:29 =0-59 0. o. 

Bzperiment with bone-marrow. 30. vii. 30. 22 0.0. sheep's bone-marrow placed in 
cylinder with 60 c.c, water at 15°C. and 33 0.0. gas (0,=98-79 p. o., N. 121 p.c.) at 
37° C. and P=749 mm. Hg. After maceration and shaking N, content of gas=8-72 p. o. 
or 2-87 c. 0. The volume of gas present after shaking was much the same as before shaking 
because the amount of nitrogen and carbon dioxide freed from the tissue and water nearly 
equalled the amount of oxygen which passed into these. N, from water and gas =0-74 0. o. 
and 04 0.0. 114 0.0. Difference =2-87 —1-14=1-73 c.c., from which 0:53 must be de- 


ducted for blank experiment, which leaves 1-2 c.c, N, from 22 c. o. bone-marrow, which 


still contains =P of ite total; this total therefore oquals about 18 0.0., 80 that’100 0.0. 


bone-marrow would contain 5-9 C. 0. at 37 C. and 749 mm. Hg or 4.8 0.0. at N.T.P. If 
bone-marrow contains 96 p. o. fat, then pure bone-marrow fat would contain about 5 c.c. N, 
at N. r. v. 


Some observations were carried out with olive oil, using the above 
method, and the results (Table II) obtained agree fairly closely with 


Tann II. N. o. o. content of olive oil. 


Volume of oil N. o. 0. N. T. 2. per 
Date taken (0. 0.) 100 0. 0. oil 
8. v. 30 250 Sl 
9. v. 30 250 «62 
20. vi. 30 141 | 5-5 
24. ix. 30 114 48 
Average 65:1 


those given by Vernon for this oil, so that the present method may be 
regarded as sufficiently accurate. : 

Our main results with pure marrow fat are recorded in Table III; 
we have taken the fat as forming 96 p.c. of the whole marrow as given 
by Halliburton [1898 a]. Most of our experiments gave about 5 C. c. 
of nitrogen at N. T. p. per 100 c. 0. of marrow fat; this is the nitrogen 
content after exposure of the animal or fat to atmospheric air. Some of 
our lower figures, ¢.g. 4-2, 4-4, were probably due to the presence of 
more fibrous tissue than usual; this we observed by the naked eye after 
maceration in the case of some of the ox-marrow. It may be concluded 
from all our observations with marrow fat from the horse, ox and sheep, 
that mammalian fat resembles olive oil, cod-liver oil and lard as regards 
its nitrogen content, so that Vernon’s assumption is proved. 

Some similar observations were made with brain tissue at room 
temperature, 16°C. The method seemed to give accurate results (Table IV) 
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Taste III. Bone-marrow fat, N. content. 


Volume of marrow N. ¢.c. at M. r. r. 
used per 100 0. o. 


Date Animal (0. 0.) bone-marrow fat 
17. vi. 30 Horse 49 5:3 
18. vi. 30 be 37 5-3 
19. vi. 30 a 34 5-2 
19. vi. 30 a 31 5-4 
23. vi. 30 os 39 5-4 
23. vi. 30 99 36 4˙8 
26. vi. 30 15 29 4-9 
27. vi. 30 9 30 5-0 
30. vi. 30 55 30 6-0 
22. ix. 30 75 32 5-4 

Average 5-3 
2. vii. 30 Ox 50 4-2 
3. vii. 30 5 4˙3 
3. vii. 30 0 5˙0 
Average 4-5 
30. vii. 30 Sheep 22 5-0 
7. viii. 30 8 24 5-6 
14. viii. 30 55 26 4-4 
Average 5-0 


IV. N. o. o. in brain tissue. 
Volume of brain 1 N. T. . pe 


Date Animal (o. o.) 00 0. o. 
15. v. 30 Calf 5 125 1-23 
16. v. 30 ‘i 125 1-02 

4. vi. 30 Guinea-pig 24 1-10 
6. vi. 30 Calf 16 0-64 
10. vi. 30 5 27 0-65 
12. vi. 30 9 30 1-19 
13. vi. 30 55 50 1-08 
13. vi. 30 8 50 1-13 


if large volumes of tissue were used, e.g. 125 c.c. Then the results were 
much as expected; brain is stated [Halliburton, 1898 ö] to contain 
about 72-82 p. o. of water and only about 5-8 p. c. of fat [Thudichum, 
1901], so that 100 Cc. c. of brain tissue would in all contain only about 
1 0.0. nitrogen. Therefore if only small volumes of tissue, e. g. 20 C. C., are 
used, the amount of nitrogen to be detected is small and errors will be 
much increased. Accurate results were obtained with 50 C. c. of brain. 
We wished to use brain because it could be removed almost entire and 
_ placed under water in the cylinder with exposure of only its surface to 
_ the outside conditions; thus, in experiments with animals exposed to 
compressed air, it might be possible to estimate roughly the nitrogen 
content under the new pressures. Some such results are given in Table V 
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as J. A. CAMPBELL AND L. HILL. 
Tastx V. N, c. o. in brain tissue of guinea-pig after exposure to 
+9 atmospheres for 30 minutes. 
Volume of brain taken 0.0. N.T.P, 
Date (o. o.) 1100 0. o. 
2. vi. 30 16 3-96 
3. vi. 30 16 3-44 
5. vi. 30 16 5-40 
| Average 4-30 


for four guinea-pigs compressed for 30 minutes at + 9 atmospheres. 
They were very rapidly decompressed and their brains removed entire 
and placed at once below water in the cylinder. Some bubbles were 
lost, but in the third experiment the manipulations were carried out 
more rapidly than in the other experiments, and 100 c.c. of brain tissue 
contained about 5 C. c. of nitrogen; we used 16 c. c. of brain tissue and 
got about 1 c.c. of nitrogen from this. At one atmosphere we have seen 


that 100 c.c. brain contains about 1 c.c. nitrogen, so that at + 9 atmo- 


spheres (i. e. 10 total) it should contain 10 C. c. when fully saturated; but 
if it be only half-saturated, as it probably is after only 30 minutes’ 
exposure to the increased pressure and after partial desaturation during 
the rapid decompression, we should expect to find only about 5 c. c. 
nitrogen. This is near enough to our third result. 
An attempt was made to estimate the rate of saturation of bone- 
marrow with nitrogen during compression, the animal being killed before 
decompression ; these results will be published separately. 


Part II. NirRoGEN REMOVED FROM THE BODY BY BREATHING ~ 
ALMOST PURE OXYGEN. 


Pflüger [1868] showed many years ago that nitrogen was removed 
from the blood of a dog when the animal breathed gas without nitrogen. 
Leonard Hill [1912] showed that by breathing oxygen the nitrogen 
dissolved in urine could be markedly lowered. Bornstein [1913], in a 
study of stroke-volume of the heart, found that about 98 c.c. of nitrogen 
could be removed from the body in 3 minutes by re-breathing about 
3 litres of oxygen from a small bag. He had previously washed out the 
nitrogen from the lungs by re-breathing very deeply for 70 seconds from 
a bag containing 8-10 litres of oxygen; he calculated the residual air of 
the lungs from the amount of nitrogen removed during this 70 seconds. 
The amount of nitrogen removed from the body during the first few 


minutes was thus about 30 c.c. per minute. This is near the figure to be 


expected, since the total blood of the body holds about 30 c.c. of nitrogen 
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and takes about 1 minute to pass through the lungs. Henderson and 
Haggard [1925] objected to Bornstein’s results for use in estimation 
of ‘circulation rate, because he estimated the nitrogen indirectly in a 
Zuntz-Geppert gas analyser. This objection does not appear to be of 
great significance for our purpose because, apart from oxygen and 
carbon dioxide, only very small amounts of gases other than nitrogen 
are expired from the lungs. Parsons [1930] recently found only small 
amounts of combustible gases, hydrogen and methane, in expired air. 

Technique. We have used a spirometer method and chiefly a modifi- 
cation of Bornstein’s bag method. 


The arrangement of the apparatus in the spirometer method is shown di 
in Fig. 2. About 7 litres of oxygen were placed in the spirometer (8) and all the tubes, 


Fig. 2. 


ete., were well flushed out with the same oxygen to remove all the air. The subject, sitting 
at rest, inserted the mouthpiece (A) fitted with Roslin valves, and took four very deep 
breaths of oxygen from the bag (B) and expired each breath to the air through tap T. At 
the end of the fourth deep expiration a sample of alveolar air was taken by mercury 
suction at A 1, the subject holding his breath and leakage from bag B being prevented. The 
tap 7’ was then turned to shut the passage to the air and to open the passage to the soda- 
lime canister (C); also the bag (B) was shut out by tap V so that now the mouthpiece 
communicated with the spirometer (S) through tube R. The subject re-breathed, with deep 
inspirations and expirations, the gas in the spirometer after it had circulated by way of 
tubes 7, P, O and &. At the end of 3 minutes the subject made a very deep expiration 
and a sample of alveolar air was taken at 4 2 and a sample also was taken from the spiro- 
meter (S) by way of tube D and the volume of gas in the spirometer read off. Then the 
subject re-breathed the same gas again from the spirometer for another 3 minutes and a 
sample of alveolar air was taken at A 3, also a sample from the spirometer, the volume of 
gas therein being again obtained. The nitrogen removed from the body was calculated by 
difference between the amounts of nitrogen present in the tubes, canister, spirometer and 
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Jungs at the start and at the end of each period of 3 minutes’ re-breathing. The residual 
air of each subject was assumed to be similar to that obtained for the same subject by the 
bag method. The results for nitrogen removed from the body agreed fairly closely with 
those obtained with the bag method, which will be described in more detail. 

In the bag method there were five bags, No. 1 containing about 
7-10 litres oxygen, and Nos. 2, 3, 4 and 5 about 5 litres or less of oxygen 
(see Fig. 3). The subject breathed quietly through a mouthpiece (M) 
without valves to outside air by way of tap 7, the other outlet of the 
mouthpiece being blocked by a stopper (S). At a signal he made as 
deep an expiration as possible, and then tap T was turned to shut the 
passage to the outside air and to open the passage to a soda-lime canister 
(C) and to bag No. 1, in and out of which the subject breathed oxygen 
very deeply for about 70 seconds; then, after a very deep expiration into 
this bag, the taps were turned to shut the passage into bag No. 1 and 


T 
5 2 c 5 


to open the passage into bag No. 2. The positions of the different taps 
at this stage are shown in the figure. The subject breathed deeply in 
and out of bag No. 2 for 2 minutes, at the end of which time he made a 
very deep expiration into this bag, and then the taps were turned to 
shut off bag No. 2 and to open the passage to bag No. 3. He re-breathed 
the gas in this bag for 2 minutes and later that in bags Nos. 4 and 5. 
From the nitrogen content of bag No. 1 it was possible to estimate the 


residual air; and from the nitrogen content of bags Nos. 2, 3, 4 and 5 


the nitrogen removed from the body during the next 8 minutes was 
determined. 


The whole apparatus had been well tested under water for leakage before use, all 


rubber junctions being double wired. The tubes, bags, etc., were well flushed out with 


oxygen just before the experiment commenced. Then the bags were filled with the required 
amount of oxygen, and control samples were withdrawn from each bag for analysis just 
before the subject inserted the mouthpiece, At the end of the experiment samples were 
withdrawn from each bag and the volume of gas in each bag accurately measured by collec- 
tion over water in a graduated 10-litre flask. The analyses were carried out in a large 


J 7 . n 1 
“el 
® 
. 
2 
4 
af 
iG 
Fi 
g. 0 
ee 
ag 
Bi, 
2 
Gi 
2 


NITROGEN GAS IN TISSUES. 317 


Haldane apparatus, about 5 c.c. of the gas being mixed with a known volume of nitrogen. 
The same routine for analyses of control and experimental samples was followed, so that 
any small errors were constant and would cancel out. The control samples for the different 
bags agreed closely for nitrogen content, and the average was used in the calculations. 
The capacities of all the tubes, taps, eto., were determined. Control experiments proved 
that there was no leakage of nitrogen into the apparatus or any great absorption of 
nitrogen during the time required for the manipulations. Ordinary small Douglas bags 
(30 litres) of thick corded material were employed. Sample tubes were not evacuated for 
withdrawal of samples, these being obtained by mercury suction only, to reduce possibility 
of entrance of any small quantity of outside air. 

Example for estimation of residual air after a very deep expiration to the outside air. 
About 8 litres of nearly pure oxygen were re-breathed for 70 seconds from bag No. 1. At 
the start the nitrogen in the tubes, bag, etc., was 200 c.c.; at the end of the 70 seconds’ 
re- breathing the nitrogen was 800 c.c. Let X residual nitrogen in the lung at start; then 
residual air in lung at start =5/4 X, assuming that nitrogen forms about 80 p. c. by volume 
of the air. Then N, in tubes, bag, etc., at start (200 c.c.)+N, in residual air (X)=N, in 
tubes, bag, eto., at end (800 0. 0.) +N, in residual air at end (10 p.c. of 5/4 X; 10 p.c. 
estimated from alveolar air; the alveolar air is regarded as being of the same composition 
as that in the bag at the end of the re-breathing); from this X = 685 0.0. and residual 
air=5/4 X x 685 c. 0. =855 C. c. at 17° C. and 750 mm. Hg or 778 at x. 1. . We have assumed 
that about 60 c. 0. N. come, not from the air in the lungs, but from the blood and tissues 
during the 70 seconds’ hyperpnœa, so that there were really 860 c. c. at the end in the 
tubes, bag, etc. ; 60.c.c. have been deducted from this, giving 800c.c. The chief facts regarding 
our results for residual air are given in Table VI. 


Tam VI. Residual air c.c. at N. T. p. 


No. of Residual air 
Weight Height obser- 
Subject Age (kg.) (em.) vations Average Highest Lowest 
L. H. 64 81-5 183-0 6 1428 1479 1365 
J. A. C. 46 1700 1481 1274 
R. 8. 35 65-4 177 ·8 3 1327 1401 1233 
G P. 36 56-0 162-7 11 800 982 658 
J. R. 20 64˙2 170-7 8 844 1028 710 


The figures given in the literature for residual air vary greatly, ¢.g. 600 to 2000 0. o., 
and each subject must be dealt with separately. Various factors influence the result, 
particularly rigidity of the chest wall. Figures given in recent editions of text-books are 
600 to 1200 0.0. [Evans, 1930], and 1600 c.c. [Halliburton, 1924]; Bornstein obtained 
about 900 c.c. We have included the dead space of the trachea, pharynx, etc. in the residual 
air. 

Example of experiment with bags. 21. iii. 30. Subject R. S., resting. Residual air esti- 
mated from bag No. 1=1401 c. 0. At start bag No. 2, canister and tubes contained 161 c.c. 
Ni; at end of 2 minutes’ re-breathing these contained 354 c.c. N.; gain of N,=193 0. c., 
but 113 ¢.c. of these had come from the lung air as estimated from alveolar and residual 
air, so that 70 c.c. only had come from blood and tissues. Similarly in 2 minutes’ re- 
breathing from bag No. 3, 109 c.c. N, was removed from the body, whereas with bag No. 4 
only about 10 c.c. N. were removed from the body in 2 minutes, and with bag No. 5 only 
20 c.c. Ni were removed. Assuming that 60 c.c. N, were removed in the first 70 seconds’ 


deep re-breathing from bag No. 1 we have 
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N, removed during 70 seconds = 600.0. : 
70 second and third minutes - 70 0. o. or 35 0. 0. per min. 
1 fourth and fifth „ 109 0.0. or 54 C. 0. per min. 
2 sixth andseventh , = 100.0. 
1 eighth and ninth * „ = 29 0.0. 


Total in 9 minutes =278 c.c. at 15° C. and 746 P 
or 254 c.c. at N.T.P. 


We are not able to conclude that the above figures are very accurate 
for separation into each period of 2 minutes without assuming that the 
lungs were equally well emptied at the end of each period. The error, 
we think, was not very great, and certainly the total cannot be appre- 
ciably affected. 

Results. Some of the experiments were carried out during rest, and 
others during exercise under normal atmospheric pressure. Exercise 
consisted sometimes of quick stepping movements with the apparatus 
suspended on the back of the subject, and sometimes the subject worked 
at 12, 150 kg. metres per hour on a bicycle ergometer for periods up to 
30 minutes before the re-breathing commenced. The exercise was ex- 
pected to help in removal of nitrogen on account of the increase in 
circulation rate: In other experiments the subjects, sitting at rest, were 
exposed to increased atmospheric pressure (+ 1 or + 2 atmospheres) 
in a compression chamber at Messrs Siebe Gorman’ 4 premises. The 
averages of the results are given in Table VII. 


Subject Exercise +1 +2 — 
C. P. 200 (5)* 214 (6) 420 (2) 25 
J. R. 205 (4) 268 (3) vi 5 
I. H. 185 (2) 22790 (4 279 (1) — 
J. A. C. 189 (1) 205 (2) 295 (1) Sc ea 
R. 8. 217 (1) — nut 730 (1) 


* Figures in brackets give number of experiments. 


It will be noted that, during rest, about 30-40 C. C. nitrogen were 
removed per minute during the first 5 minutes of breathing oxygen; 
40 0.0. may seem a little high, but the circulation rate was probably 
increased owing to the hyperpnœa which was always carried out by 
the resting subjects. With exercise there was an increase in nitrogen 
removed in all subjects over that removed during rest; but this increase 
was definite in only two of the subjects, namely J. R. and L. H. 

After being under + 1 atmosphere pressure for 30 minutes C. P. 
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showed a marked increase, about 100 p.c., in nitrogen removed when 
breathing oxygen, over the normal figures for rest. He used the bag 
method. Subjeots L. H. and J. A. C. used the spirometer method, and 
although showing definite increases under + 1 atmosphere, the increase 
was not so well marked as in C. P. The breathing was probably altered 
in raising and lowering the spirometer by each breath, and this method 
is not so efficient as the bag method in keeping the nitrogen in the air 
breathed at a low percentage. 

Under + 2 atmospheres about 730 C. 0. of nitrogen were removed 
from subject R. S., the figure for normal conditions being 217 c.c. He 
had been exposed for 40 minutes to + 2 atmospheres of ordinary air, 
but it is not possible to determine exactly how much extra nitrogen his 
body would contain after this time. The difficulty in making any calcu- 
lation is that different parts of the body become saturated with nitrogen 
at different rates owing to local variations in circulation. Rates of de- 
compression have been worked out from experience gained in experi- 
ments and in the practice of diving and of caisson work. In these rates, 
allowance has been made for parts of the body which half-saturate only 
in about 1} hours [Haldane, 1922]; of course some parts of the body 
may become saturated in 5 minutes. The parts that saturate very slowly 
will require long periods of time to desaturate. 

Our observations prove that when breathing almost pure oxygen 
during rest, the more easily removable nitrogen, about 200 0. c., is rapidly 
removed, that is to say, in about 5 minutes. Then there appears to be 
some decrease in the rate of removal which seems to be due to the 
nitrogen not diffusing fast enough into the blood from the more remote 
areas of the tissues, i. e. areas poorly supplied with blood vessels. Some- 
times, as during exercise, the nitrogen may be removed at the rate of 
30 C. c. a minute up to the eighth or ninth minute. Results illustrating 
these points are given in Table VIII. No great accuracy is claimed for 
the figures when they fall below 20 c.c. per minute. It might have been 
more profitable to use a more accurate method for estimating nitrogen. 
Such a method would hardly be convenient, and in any case the con- 
clusions will not be greatly altered. 

We have seen above that about one-third to one-fourth of the 
nitrogen—taking the normal total as about 1000 c.c.—may be removed 
from the body in about 5 minutes by breathing oxygen; then the rate 
of removal is much decreased, owing to the rest of the nitrogen in the 
tissues diffusing slowly into the blood. There can be no doubt that any 
nitrogen reaching the circulation will be removed from the blood in the 


’ 
pas 
ofa 
5, 
* 
* 
* 
7 
7 
Al 
2 
* 
4 
a 
ii 
oa 
. 
8 
* 
2 
* 
gat 


320 J. A. CAMPBELL AND L. HILL. 


Tan VIII. Nitrogen o. 0. per min. at x. r. r., removed by breathing almost 
pure oxygen at normal atmospherio pressure. 
aud Zru 4th Sth 6th 7th 


Resting 5⁴ 45 45 17 17 

J. R. Resting 54 40 40 41 41 9 9 
” Exercise 54 1 51 51 30 30 

Sth 9th loth lith lath 18th läth 

Subject Condition min. min. min. min. min. min. min. 
C. P. Resting 12 12 ene 
15 14 — — — 
12 9 9 13 13 

13 15 15 14 14 14 14 


lungs if the pressure of nitrogen in the alveoli is kept low enough by 
breathing nearly pure oxygen. We have tried to estimate the alveolar 
nitrogen percentages at the different stages; these are given in Table IX. 


Tann IX. C. P., resting; deep breathing of almost pure oxygen 


under normal atmospheric pressure. 
in alveolar air 
o. . p. o. in p. o. 
Period pe P. ‘brea * arterial blood) 
Ist min. 54 2-25 8-30 
2nd and 3rd min. 45 2-25 §17 
4th and 5th min. 13 2-25 3-39 
6th and 7th min. 13 2-25 2-62 
8th and 9th min. 14 225 2-95 


The figures show clearly that after the fifth minute the head of nitrogen 

pressure falls very low, the percentage of nitrogen in the alveolar air— 
or arterial blood—being much the same as in the air breathed. Obviously 
the nitrogen in the tissues is not amin out so rapidly into the blood 
after the fifth minute. 


Tam X. R. S., resting; deep breathing of abmosb pure oxygen st +2 atmospheres, 
after 40 min. exposure to this pressure of air. 


aiveclar 
0. C. per o. in o. in blood) 
Period at M. r. r. 
lst min. 162 3-80 gaan 
2nd and 3rd min. 232 30780 10-44 

3 20 3-80 4-81 
Sch and 9th min. 28 4-15 
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Results for an experiment with subject R. S. under + 2 atmospheres 
pressure illustrate the same point (see Table X). 

It seems possible that after the more easily removable nitrogen has 
been removed from the more vascular tissues, ¢.g. grey matter of brain, 
and at the same time the oxygen tension therein greatly increased, some 
antagonistic action might occur, such as constriction of blood vessels, 
to keep out the oxygen. Indeed Tine] [1927] claims to have observed 
constriction of vessels of the brain during breathing of oxygen. To test 
this Dr Duke- Elder kindly examined the blood vessels of the eye with 
the ophthalmoscope after our subject had been breathing pure oxygen 
for over 5 minutes; Dr Duke-Elder did not detect any narrowing of 
vessels. One of us [J. A. C., 1930] has detected an increase in carbon 
dioxide tension in the tissues as an effect of breathing oxygen at high 
pressure, and this might be interpreted as due to constriction of blood 
vessels. Leonard Hill and MacLeod [1912] also proved that the 
carbon dioxide output is decreased whilst breathing oxygen at high 
pressure. This might have been due in part to constriction of vessels. 
These workers, however, observed a fall of body temperature at the same 
time indicating a fall in metabolism. 


SuMMARY. 


The gaseous nitrogen content of bone-marrow fat of an animal (ox, 
horse, sheep) breathing air is about 5 0.0. per 100 c.c. fat; the results 
agree with Vernon's figures for cod-liver oil, olive oil and lard. Brain 
tissue contains about 1 c.c. nitrogen per 100 0. c. tissue. | 
The more easily removable nitrogen (200-300 C. 0. under normal 
atmospheric pressure) in the human body is removed in a few minutes 
by breathing oxygen. After exposure to + 1 and + 2 atmospheres of 
ordinary air, the amount removed in the same time is about doubled 
and trebled respectively. | 


We are much indebted to Commander Selby, R.N., to our assistant 
Mr C. Pergande and to Mr J. Rogers, who acted as some of the 
subjects and helped in many other ways; also to R. H. Davis, Esq., 
for much assistance with the compression chamber at Messrs Siebe 
Gorman’s premises. Thanks are due to our colleague Dr E. Schuster 
for the diagrams. 
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THE ISOELECTRIC POINT OF SHEEP OXYHAMO- 
GLOBIN DETERMINED BY TITRATION CURVES 
WITH THE GLASS ELECTRODE. 


By KATHLEEN GODWIN TERROUX}. 


(From the Physiological Laboratory, Cambridge.) 


Tun pH of solutions of oxyhemoglobin can be measured directly with 
the glass electrode. Michaelis has shown that the isoelectric point of 
an ampholyte can be determined by a series of titration curves on solu- 
tions containing the ampholyte in different concentrations [1922]. The 
theoretical considerations are discussed in his papers. Briefly, the method 
depends on the fact that at the isoelectric point, and at this point only, 
addition of any quantity of the ampholyte to a solution will not change 
the hydrogen ion concentration. Therefore, if the titration curves of a 
series of solutions containing different amounts of the protein under 
consideration are plotted with pH as abscissa, and the amount of acid 
or base combined as ordinates, the only possible point common to all 
the curves is the isoelectric point“. Evidence is given below that for 
the oxyhemoglobin of the sheep, this point at 22° C. is at pH 6-79 + -03. 


METHODS. 
Hemoglobin solutions. 
Oxyhemoglobin solutions were prepared from fresh sheep’s blood by 


the method of G. S. Adair [1925]. These were dialysed against distilled 
water for 2 weeks at 0° C., using re-distilled water for the last 3 days. 


1 Working on a fellowship of the Women’s Canadian Club of Montreal, Canada. 

* Sorensen, Linderstrom-Lang and Lund [1927] have pointed out that it is the 
specific hydrogen ionization of an ampholyte which is found by determining its capacity 
to combine with acids or bases. In the notation of these authors this hydrogen ion con- 
centration should be referred to as the isoionic point. This need not necessarily coincide 
with the point at which the charge on the protein is zero (the isoclectric point) if the 
protein combines with ions other than the hydrogen and hydroxyl ions. Adair [1928] 
has suggested that the isoelectric point be defined as the hydrogen ion concentration where 
the membrane potential is zero. The point determined by the experiments in this paper is 
the isoionic point of Sorensen, but as this has generally been called the isoelectric point 
in the literature, the older terminology is retained for the sake of uniformity. 
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This method produces a hemoglobin solution very nearly isoelectric, as 
can be seen from the curves (Fig. 1). If there were acid or base combined 
with the hemoglobin, the curves for the different dilutions of the original 
solution could not cross at the pH of the original solution, as the acid 
or base present would be different in each dilution. Due allowance for 
these amounts would have to be made in the calculation of the curves. 
In an early experiment we dialysed the hemoglobin for the last 3 days 
against M/10,000 NH,OH, estimating the ammonia present’, and 
allowing for it in our calculations. This method proved unsatisfactory, 


40r— 

30 

E 
+ 

| | | 
5˙5 6-0 6°5 7˙0 7˙5 8˙0 
pH 


Fig. 1. Curves plotted from Table II. 


as there were obviously ions other than those derived from the NH,OH 
present in the resultant solution. | 
Adair has found that the loss in oxygen capactiy of solutions of 
hemoglobin prepared by his method is not more than 5 p.c.*[1925]. The 
pressure dialysis and crystallization methods of preparing pure hemo- 
globin give a product with greater loss in oxygen capacity [Cohn, 1925; 
Ferry, 1923; Van Slyke er al., 1922]. The solutions used were a clear 
bright red. Two solutions discarded because their colour seemed dull gave 
1 We are indebted to Miss M. E. Robinson for the ammonia i 


determination. 
* The loss in oxygen capacity of two solutions as determined by the Van Slyke 
method was 2°75 % and 3-4 %,. 
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no evidence of methæmoglobin when examined with the Hartridge re- 
version spectroscope, but there is of course some inactive hemoglobin 
in the preparations used after a period of 2 weeks’ dialysis. 

The percentage of hemoglobin was determined by the density method 
of Adair (personal communication), who has established by comparison 
with other methods of determining the percentage of hemoglobin that 
a weight of 0-0025 g. per c.c. in excess of the weight of distilled water 
is equivalent to 1 p.c. hemoglobin in solution. 


pH determination. 


The pH of the solutions was determined by the glass electrode, using 
3-5 N KClin the calomel cells and for the liquid contact with the solution. 
In the first experiments 3 c.c. of the hemoglobin were used for each deter- 
mination, the appropriate amount of acid or base added, and the total 
volume adjusted to 4 C. 0. with distilled water. A portion of this was 
used in the cup of the glass electrode for the determination of pH. Later 
experiments were carried out by adding successive amounts of acid or 
base to 1-5 c.c. of hemoglobin solution in the cup of the electrode. This 
method necessitates the use of the same KCl contact during the series 
of determinations. That possible diffusion of KCl does not affect the 
accuracy of the determinations has been proved by the author (K. God- 
win Pinhey) in another connection by the agreement between a series 
of values obtained in this way and an identical series determined by the 

hydrogen electrode [Pirie and Pinhey, 1929]. The dilution by about 
15 p.c. of the hemoglobin solution involved during the addition of the 
successive amounts of reagent does not interfere with the accuracy of 
the curves obtained. This has been checked by proving the identity of 
curves obtained in this way and when the dilution was kept constant. 
The standard of reference was M/20 potassium hydrogen phthalate, 
which has a pH of 3-97. This value was checked against a saturated 
calomel half cell using the hydrogen electrodel. 

The accuracy of the glass electrode apparatus described by Kerridge 
[1926], using a Lindemann electrometer, is + 0-02 pH. 


Reagents. 
HCl or NaOH was added in approximately M/50 dilution. The 
exact molecular values are given in the tables. The amounts required 


1 1 am indebted to Mr P. Bowden, of the Physical Chemistry Laboratory, for the 
saturated calomel half cell used as the standard. 
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were added from 1 C. o. standard burettes, with finely drawn out tips 
fitted to them. By touching the tip to the solution in the cup it was 
possible to add accurately 0-01¢.c. Earlier experiments, in which a 
standard pipette was used for the addition of the acid or base, are not 
included in the tables. These include four preparations which dialysed 
to pH 6-79 + 0-03, and which indicated the same isoelectric point as 
later experiments. On account of the difficulty of adding the small 
amounts of reagent accurately, the points do not lie on the curves with 
the same accuracy. 


Tastes I, Hb 7-44 p.c.; pH 6-79; temperature 22° C. 
mm,HbO, 10*mm,HCl mm. NaOH pH 
0-00068 


0-0 
1-8 
10-8 
18-0 
36-0 
54-0 


882 


B =0-0013 
= 2°02 
0-0010 


SS Sars 


=0-001 


Average f, 1.986 
RESULTS. 


Ten a preparations of hemoglobin solutions made 3 the 
blood of different sheep gave a pH of 6-79 + 0-02 at the end of a 
2 weeks’ period of dialysis against distilled water. Titration curves of 
different dilutions of these samples all crossed at pH 6-79 + 0-03. The 
curves from the data in Table II are plotted in the figure. Tables are 
given below for four samples of oxyhsmoglobin. The percentage given 
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Taste II. Hb 12-15 p. o.; pH 6-80; temperature 22° C. 


mm. HbO, 10mm. HCI 10*mm,NaOH . e 
| 88 
3-6 
7:2 
10-8 
18-0 


2 


88 
88 


200011 
=2-02 


=0-0020 
= 1-84 
0-002184 


8 


=0-0037 
3.174 


Average 8, 


in the heading is that of the stock solution prepared, and following this 


is its pH. The millimolar values are the amounts of oxyhemoglobin and 
reagent in the reacting mixture. The molarity of the hemoglobin is 
calculated on a basis of a molecular weight of 16,700, that is, the com- 
bining weight for one molecule of oxygen, to facilitate comparison with 
Van Slyke’s values. 6 = Jan, the buffering power, is calculated as 
defined by Van Slyke, et al. [1922], that is, the amount of acid or 
base combined for unit change in pH. By = 4H; the molecular buffering 
power, is of course calculated on the same basis as above, on a molecular 
weight of 16,700. (In the above formule, B = millimols base; C = milli- 
molecular concentration of protein.) | 
Below pH 5-0 and above pH 8-5 the points on the curves do not 
always bear a linear relationship to each other, and there are irregu- 


larities in some samples between these limits, but none in the range 


between 5-5 and 8-0, on which range the conclusions are based. 
22—2 
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Tam III. Hb 7-36 p.c.; pH 6-78; temperature 22° C. 


mm.HbO, 10 mm. HCl 10 mm. NaOH pH 
0-000330 0-0 0-0 6-82 
2-7 — 6-49 
5-4 — 6-13 
8-1 — 5°77 
2-7. 7-30 
198 825 20.0007 
=2-12 
0-000661 0-0 0-0 6-79 
10-8 — 6-07 
16-2 — 5-70 
21-6 — 5-34 
8-1 7.27 
12˙5 7-69 
18-9 8-03 
24-3 8-37 
=0-00155 
=2-34 
0-000991 — 0-0 6-78 
5˙4 7.07 
— 10-8 7-29 
— 21-6 7-16 
— 27-0 7-98 
— 32-4 8-19 
| B =0-00230 
85 = 2°82 
0-001322 0-0. — 6-79 
5-4 6-59 
10-8 6-47 
16-2 — 6˙24 
21-6 — 6˙10 
27-0 — 5-93 
32-4 — 5-71 
43-2 — 5°38 
8 =0-0031 
Bon = 2°37 
Average 2˙29 
Discussion. 


At 22°C. titration curves of oxyhemoglobin solutions of different 
concentrations intersect at pH 6-79+ 0-03. Michaelis [Michaelis 
and Davidsohn, 1912; Michaelis and Bien, 1914] gives 6-78 as the 
isoelectric point of oxy-, reduced and carboxy-hemoglobin of the sheep, 
determined by cataphoresis, at room temperature. Van Slyke and his 
co-workers, using crystallized horse hemoglobin, and working at 38° C. 

(body temperature), give their point a, which they consider a close 
approximation to the isoelectric point, as 6-6 for oxyhemoglobin, and 6-8 
for reduced [1922]. In a later paper they give the values 6-81 for reduced, 
and slightly below 6-7 for oxyhmoglobin [1924]. Although they find the 
same value for reduced dog hemoglobin (6-81), the difference in pK’ for 
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of a shift in the isoelectric point with temperature changes. Preliminary 


the buffering power of the solutions was increased at the higher tem- 
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Tann IV. Hb 6-6 p.c.; pH 6-79; temperature 22° O. 


mm.HbO, 10 mm. HCl 10 mm. NaOH pH 
0-000592 0-0 0-0 6-80 
2-7 — 6-58 
5-4 — 6-35 
8-1 — 6-12 
10-8. — 5· 89 
2-7 7-13 
7-25 
8-1 7-48 
B =0-0012 
Buy = 2-03 
0-001185 00. 0-0 6-79 
·4 — , 6-60 
12-5 — 6-22 
21-6 — 5-87 
5-4 7-03 
10-8 7:33 
16-2 7-54 
B=0-0022 
Big = 1-86 
0-002390 22 0-0 6-79 
10-8 — 6-59 
21-6 — 6˙34 
32-4 — 
5-4 6-91 
10-8 7-01 
21-6 7-29 
43-2 7-78 
B =0-0045 
=1-89 
Average 8,,=1-93 


the reduced and oxy-hemoglobin of the dog when compared with the 
corresponding difference for horse hemoglobin, and the lower buffering 
power of dog, confirm the crystallographical findings of Reichert and 
Brown [1909] that the hemoglobins of different species are different. 
The difference between the present values for the sheep and the values for 
the horse is not necessarily due to specific differences, as there is evidence 


experiments at 38° C. on the same preparations of hemoglobin as those 
used in the experiments at 22° C. showed a shift in the isoelectric point 
towards a more acid pH. Until further experiments have been done 
it is unprofitable to discuss the magnitude of this shift, but in one 
experiment it was sufficient to account for the discrepancy between our 
value and that of Van Slyke. In all but one of the experiments at 38° C. 


perature, as has been shown in this laboratory by Adair, Cordero and 
Shen [1929] using an entirely different method. 
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A determination of the isoelectric point of crystallized horse hæmo- 
globin by Ferry [1923] using the cataphoresis method, presumably at 
room temperature, gave a value of 6-78 for reduced hmoglobin. If the 
isoelectric point is at a lower pH at higher temperatures, this is a varia- 
tion in the opposite direction from that expected when a comparison is 
made with Van Slyke’s value of 6-81. If there should be no variation 
with temperature the values agree — the limits of accuracy of the 

methods. 
‘Summary. 

The isoelectric point of sheep oxyhmmoglobin has been measured by 
a direct method, and found to be 6-79 + 0-03 at 22° C. 


I am greatly indebted to Miss Gertrude Boothby for performing 
many of the experiments, and for her assistance throughout the in- 


vestigation. 
I wish to thank Mr G. 8. 4 for his assistance and criticism, 


and the Women’s Canadian Club of Montreal, Canada, for the fellow- 
ship during the tenure of which the investigation was carried out. 
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ON THE INFLUENCE OF POSTURE ON KIDNEY 
FUNCTION. 


By TSANG-G. NI D PAUL BRANDT REHBERG. 


(From the Laboratory of Zoophysiology, University of Copenhagen.) 


Ir has long been known that the volume of urine is greater in the re- 
cumbent than in the standing position, and this influence has been 
ascribed usually to the variations in the blood circulation taking place 
at the same time. Erlanger and Hooker [1904] found that the changes 
in the blood circulation mainly affected the pulse pressure, and ascribed 
the increased urine volume in the recumbent position to the increase in 
the pulse pressure under these conditions. If we want to explain the 
changes in the function of the kidney by one of the two current theories, 
the secretion theory and the filtration-reabsorption theory, the finding 
of a correlation between pulse pressure and urine volume is insufficient. 
A more extensive study of the effect of changes in posture on both the 
formation of urine and the circulation has, however, been made by 
White, Rosen, Fischer and Wood [1926]. These authors studied a 
number of factors and found in regard to the circulation the following 
facts. The diastolic and systolic blood-pressure showed irregular varia- 
tions of which the result was however that pulse pressure was always 
increased—on an average about 40 p.c.—in the recumbent position. At 
the same time the circulation rate was increased to about the same degree. 
The two extra-renal factors, therefore, of which according to these 
authors we have to take account in explaining the effects observed in 
the urine, are increased pulse pressure and increased blood circulation 
rate, while it is important that the average blood-pressure shows no 
increase rather a small fall. 

The changes in the amount and composition of the urine found 5 
these authors were the following: 

The urine volume was invariably greatly increased in the recumbent 
position, on an average more than 200 p.c. At the same time carbon 
dioxide and chloride showed an increase which for CO, was over 500 p.c. 
and for Cl more than 100 p.c. Phosphates, sulphates and urea showed 

an increase which for all three substances was about 50 p.c. Ammonia 
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showed a small decrease (8 p.c.) and creatinine a small increase of about 
10-p.c. The specific gravity of the urine was decreased, from about 1015 
to 1009, and the pH showed a tendency to increase a little, and at the 
same time the titratable acid increased about 20 p.c. 

The authors discussed these findings at length, and their main con- 
clusions are as follows: 

Richards and Plant [1922] have shown that an increase in general 
blood-pressure is followed by an increase in urine volume, but in the 
experiments recorded no increase in average blood-pressure was found, 
and the authors therefore assume: that the fall in diastolic pressure 
which they find is due to relaxation of vessels, that the kidney vessels, 
especially the glomeruli, participate in this, and that we have thus 
an increase in the filtering surface in the recumbent position. This increase 
consists both in opening up of new glomeruli and in an increase of the 
surface of those already open. At the same time the increased pulse 
pressure may for some unknown cause favour the filtration process itself. 

After thus having discussed the increase in urine volume and ascribed 
it to an increase in filtration through the glomeruli, the authors proceed 
to a discussion of how to explain the difference in the composition of 
the urine under the varying conditions. 

Substances may be excreted either by filtration through the glomeruli, 
by secretion through the tubules, or by a combination of both processes. 
If a substance is excreted solely by filtration, it should vary with increase 
or decrease in rate of filtration, while a substance partly eliminated by 
the tubules should not vary so much, because the part excreted by the 
tubules will not be influenced by changes in the rate of filtration, and 
for the same reason those substances excreted solely by the tubules should 
be independent of the variations in this rate. 

According to this view the authors conclude that bicarbonate and 
chloride are filtered, phosphate, sulphate and urea partly filtered, partly 
secreted through the tubules, and creatinine and ammonia solely se- 
creted. They hold that no reasonable explanation of their data can be 
given on the basis of the filtration-reabsorption theory. 

It is the aim of the present paper to show that such an explanation 
can be given, and that the variations in the composition of the urine 
are in complete accord with this theory. 

To discuss first the reason for the increase in the volume of the urine. 

In their discussion of the possible causes the authors have naturally 


held that no change in the composition of the blood takes place 1 as a 
result of the change of posture. 
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In a paper by Thompson, Thompson and Dailey [1928] it 
was shown however that the change from a recumbent to a standing 
position is followed by a filtration of water from the blood into the 
tissues, and that this loss of water can be demonstrated in the number 
of blood corpuscles, the percentage of protein and in the total volume 
of blood. The point which seems significant in respect to the experiments 

discussed here is the percentage of proteins. On this depends the colloid 
osmotic pressure of the blood, and this is a very important factor in 
glomerular filtration, the rate of which must necessarily depend on the 
difference between the blood-pressure in the glomerular capillaries and 
the colloid: osmotic pressure. 

In a series of experiments we have measured the effect of 1 of 
position on the percentage of protein in the plasma, and later on the 
colloid osmotic pressure directly. 

The result of these experiments is that there is a distinct lowering 
of the colloid osmotic pressure when the position is changed from standing 
to recumbent. 

In all cases creatinine was given by mouth at the beginning of the 
experiment, and different amounts of water were drunk at regular 
intervals in order to vary the diuresis. Urine was collected at intervals 
during the periods of recumbence and standing, and blood samples were 
taken. The blood was taken from the finger pulp by means of a spring 
blood lancet. About 5 C. 0. were taken each time, and were kept from 
clotting by powdered lithium oxalate. After centrifuging, the protein 
content of the plasma was determined by means of a refractometer and 
the protein percentage read from the accompanying tables (of Reiss). 
The percentage obtained in this way is perhaps not very reliable as an 
absolute value, but, for comparing the relative amounts in different 
samples of blood from the same subject within a short time, it is certainly 
sufficient. The colloid osmotic pressure was estimated by means of 
Krogh and Nakazawa’s second method [1927]. Creatinine was deter- 


Ezxp.5. 9.30. 5 g. creatinine in about 300 0.c. of water. 
10.41. Bladder emptied. 
10.42. Lies down. 

10.42-10.54. Drinks about 900 0. o. of eae 

11.30. 1 glass of water (250 0. o.). 
11.59. Stands up. 
12.00. 1 glass of water. 
12.30. 1 glass of water. 
1.00. 1 glass of water. 
1.08. Lies down again. 
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mined in blood and urine by a somewhat modified Folin method, During 

the standing periods the subject tried to remain as quiet as possible. 
As an example of a typical experiment the above (5) may serve. 
Blood samples were drawn at the following times and the results of 

the determinations were as follows: | 


Protein Colloid osm. F. Creatinine 

Time (p.c.) (mm. H,O (mg. P. o.) 

10.50 7.92 373 9-1 925 

11.15 7-69 279 92 Recumbent 

11.55 787 270 5-95 

12.22 8-49 364 6-1 

12.48 8-56 329 5-32}. Standing 

1.05 8-62 401 4-83 | 

1.32 1-76 278 4: 

1.54 7.0 284 “ae 

Urine was collected for the following periods: 
Creatinine 

Time o. o. o. o./ min. (mg. /min.) 
11.251143 242 13-5 45 bent 
114-1188 259 173 10-0 
1248-124 16 20 42 Standing 
’„ẽ—„„„ 6-23 

1.07124 96 58 6-31 
124 -1.41} 219 12-5 740 
1.41}-1.57 24 15·8 7.10 


protein percentage and colloid osmotic pressure is very distinct. In spite 


of the water drinking, which is continued during the first recumbent 
and the standing period, the protein percentage increases as soon as the 
subject takes the standing position. On the other hand, when the subject 
after having discontinued the water drinking lies down again, the protein 
percentage and colloid osmotic pressure of the blood decrease and at 
the same time the diuresis is increased considerably. 

The conditions have been varied much, the order of the recumbent 
and standing periods, and the amount of water drunk, but the result 
has always been the same. | | 

As a further example the following experiment where water was 
drunk only at the beginning of the experiment may be given: 

Ep. 8. 12.15. 8 g. creatinine. 1 litre of water. 
1.13. Bladder emptied. Stands up. 


2.23. Lies down. ee 
3.49. Stands up. 
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Blood samples. 
Protein Colloid osm. pr. Creatinine 
pc.) 
1.50 8-45 335 6-35; Standing 
= 
3.23 7-48 Lost 42 Recumbent 
3.46 7.87 288 4-35 
8-53 428 4 
8-91 401 3-94} Standing 
Urine samples. 


1 
g°° 


Fig. 1. ee o= drinking of 100 0. o. of 
water. Upper lines indicate o. o. of blood cleared of creatinine per min. = filtration. 
Square area = urine volume in c.c. per min. Lower lines = “reabsorption” in o. o. 


per min. 


In this experiment as in the others the influence of the posture enna 
is clear. Two more experiments are given in Figs. 1 and 2. 

There is therefore no doubt that besides the changes in pulse pressure 
and circulation rate demonstrated by White and his collaborators, 


Time o. o. 0. 0./ min. (mg. /min.) | 
1.13 —1.33 137 6-9 8-69 
1.33 -1.54 69-5 3-3 8-20} Standing 1 
1.54 2.22 34 1-2 7-78 a 
2.224-2.44 20 0-93 6-80 4 
2.44 3.14 209 7-0 9-00 
3.14 -3.29 189 12-6 7-99 
3.29 3.49 152 7:6 7-20 4 
3.49 4.14 41-5 1-66 5-20 ding 4 
4.14 4.331 12 0-62 5.00 Stan 4 

175 
Plasma Y 
Protein Y 

% + — 3 

150 9-0 Y 
A 

2 2 

| 


336 . TSANG-G. NI AND P. B. REHBERG. 


another factor of great importance for the filtration process in the 
glomeruli, the colloid osmotic pressure, is changed also. When a subject 
stands as still as possible the hydrostatic pressure in the capillaries of 
the feet and lower part of the legs is increased considerably [Carrier 
and Rehberg, 1923] and water is filtered out from the blood into the 
tissue, causing swelling of the feet. This leads, as shown by Thompson, 
Thompson and Dailey [1928], to a considerable concentration of the 
blood, and as shown in this paper this is the case even if water 1s drunk 
continually—instead of being excreted the water leaves the circulation 
in the legs. When the position is then changed to recumbent, the hydro- 


cop. 

mm, 

Protein 150 

hos 

8 · O 

300} 

{100 
7.6 
dings recumbent | 

gee ’ 4 0 


Fig. 2. Exp. 6. o = drinking of 250 0.0. of water. @ = protein percentage of plasma. 
+ = colloid osmotic pressure of plasma. Explanation of lines as in Fig. 1. 


static pressure in the feet capillaries falls below the colloid osmotic 
pressure of the blood and the water is absorbed again, and dilutes the 
blood to a great extent, and at the same time the diuresis is increased, 
and this increase may when water has been drunk during the experiment 
be over 1000 p.c. 5 

The diuresis in the recumbent position is thought by White and his 
collaborators to be due to a simultaneous increase in filtration through 
the glomeruli. In previous papers [Rehberg, 1926] one of us has dis- 
cussed the filtration-reabsorption theory and argued that if this theory 
holds true then the amount of blood cleared of creatinine per min. 
should be equal to the amount of filtrate. It was moreover demonstrated 
that one had to distinguish between active reabsorption of substances 
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and simple diffusion back into the blood. When all of a substance filtered 
through the glomeruli is not excreted in the urine it may be because 
the tubule cells actively reabsorb the substance. Substances of this 
kind—the true threshold substances—may be present in the urine in a 
concentration which is less than that found in the blood. On the other 
hand a substance may during the concentration process in the tubules 

diffuse back because of the concentration difference between urine and 

blood. A substance which does not diffuse back will be concentrated 
in the same degree as water is reabsorbed, all of it will be-excreted and 
its excretion will be a measure of the glomerular filtration. As such a 
substance we regard creatinine. 

By means of the determinations of creatinine made i in our experi- 
ments it should therefore be possible to calculate the rate of filtration 
= and see whether it is an increase in this which is reflected in the diuresis. 

The data obtained show that there is practically always a change 
in the filtration rate as determined by the creatinine excretion when 
posture is changed, and that this change may occur even before the 
change in the diuresis takes place. 

The change i in diuresis is brought about, however, not lone by the 
change in filtration rate, but also by a change i in the reabsorption by 
the tubules. 

What factor governs this reabsorption by the tubules i is at present 
completely unknown, but it is hardly possible that it should be the 
colloid osmotic pressure of the blood. Much more likely it is variations 
in the electrolyte contents. 

We may perhaps picture to ourselves what happens when posture is 
changed in the following way. 

In changing from recumbent to standing position the blood is con- 
centrated, and the colloid osmotic pressure increases. For this reason and 
perhaps also because the pulse pressure and circulation rate is reduced 
we obtain a reduction in the glomerular filtration rate. At the same time 
changes in the rate of reabsorption may occur, both factors usually 
resulting in a smaller flow of urine. In changing from standing to 
recumbent position the reverse takes place. 

In Fig. 3 we have plotted the values of the filtration rate (creatinine 
, excretion) against colloid osmotic pressure for five experiments. It will 
be seen that the rate of excretion of creatinine, as one would expect, is 
highly dependent on the colloid osmotic pressure of the blood, a fact 
l which is even clearer when the results from on single experiment are 
3 studied for themselves. 
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The results obtained by White and his collaborators for the excre- 
tion of the other substances are easily explained by the filtration-reab- 
sorption theory if the view put forth by one of us, that diffusion back 
into the blood is an important factor in the work of the tubules, is 
accepted. The more concentrated the urine is the greater is the difference 
in concentration ‘between urine and blood, and the more the different 
substances will diffuse back. When diuresis sets in less diffuses back, so 
that more is excreted. The more a substance normally diffuses back, 
the more will it be influenced by diuresis, and we think that this is the 


7 „ 1 
1007 
— on 
Colloid osmotic pressure of plasma 


Fig. 3, Effect of colloid osmotic pressure of blood on creatinine excretion. 


explanation for the varying influence of diuresis on the excretion of 
different substances, which White and his collaborators demonstrated. 
As a result of our experiments we draw the conclusion that the changes 
in kidney function obtained on change of posture are in perfect harmony 
with the theory based on filtration, reabsorption and diffusion back into 


the blood, 
| SuMMARY. 3 | 
: 1, Earlier results on the relation of kidney function and posture are 
discussed 


2. Experiments of the same kind involving determinations of colloid 
osmotic pressure are reported. | | 

3. The excretion of creatinine which is taken to reflect glomerular 
filtration varies with the colloid osmotic pressure. | 

4. The results are held to be capable of explanation by the filtration 
theory of kidney function. | | : 
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THE METABOLISM OF LACTOSE. 
Part I. The occurrence of lactose in urine. 


By L. B. WINTER (Grocers’ Company Research Scholar). 
(From the Sherrington School of Physiology, St Thomas’s Hospital.) 


Tun development of the mammary gland during pregnancy presents 
many problems for study, and one of the most interesting is that which 


is concerned with sugar metabolism. Lactose is the chief, if not the only, 
sugar present in the milk of all mammals, and this is its sole natural 
source. Why the young mammal should be supplied with carbohydrate 
in this form is unknown; the livers of foetal and young animals contain 
glycogen, and until evidence to the contrary is presented it may be 
assumed that this breaks down to supply glucose for energy as in the 
adult. That galactose is required for synthesis of cerebrosides is unlikely; 
brain tissue is formed in the foetus, the necessary galactose being most 
probably formed by molecular rearrangement from glucose supplied by 

the maternal blood; there is no reason to suppose that this process cannot 
continue after birth. The mechanism by which lactose is secreted in the 
milk has not yet been solved; that the disaccharide is formed in the. 
mammary gland from glucose is suggested by Porcher’s experiments 
[1904]. Porcher considered that if lactose was formed elsewhere than 
in the mammary gland, removal of the gland would lead to excretion of 
lactose in the urine, which could be identified by formation of the 
phenyl-osazone. The breasts of goats were amputated, and the only 
osazone which could be isolated from the urine subsequent to parturition 
was that of glucose. No direct evidence as to the formation of lactose 
by the mammary gland is available. All attempts to show the presence 
of an enzyme in the gland which can convert glucose or glucose and 


galactose into lactose have been unsuccessful; the most recent are those 
of Svanberg [1930]. Whatever the mechanism may be by which lactose 
is formed by the maternal tissues, the adjustment of the factors involved 
is often by no means perfect. It has been known for many years that 
reduoing sugar may often be found in the urine of healthy lactating. 
women, and less frequently during pregnancy. The nature of the sugar 
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excreted after parturition was the subject of controversy, until Hof- 


meister [1877] isolated the sugar and found that it agreed in all its 
properties with those of lactose. Lemaire [1895], using the benzoyl 
chloride method followed by condensation of the sugar with phenyl- 
hydrazine, stated that lactosazone could be readily identified from urines 
during the lactation period, but that previous to parturition glucose was 
the only sugar which could be detected. Recently Watkins [1928] has 
made a detailed study of the excretion of reducing substances by women 
during pregnancy and lactation. Sugar was estimated colorimetrically, 
following fermentation of the urine by yeast. An increased amount of 
non-fermentable “sugar” was found in the urines towards the end of 
pregnancy, rising sharply just before delivery. After parturition there 
was a fall for some days, followed by a sudden and often very large 
increase about the fifth day of the puerperium. Lactose is only one of 
the non-fermentable sugars which might be excreted at the time when 
the mammary gland is beginning to adjust itself to the excretion of 
lactose in the milk. Watkins considers that lactose is secreted during 
pregnancy and after parturition, and this view is shared by Harrison 
[1930]. The metabolism of lactose by non-pregnant women was also 
studied by Watkins, and it was found that the tolerance dose for the 
ingested sugar was normally about 10 g., agreeing with the figure ob- 
tained for normal men by Folin and Berglund [1922], but that during 
menstruation it was increased to 20 or 30 g. Lactose is a disaccharide, 
and either component sugar, or the unchanged biose, might be excreted 
following ingestion, yet in all the investigations carried out in recent 
years the decision has been reached by estimation of sugar in urine 
without any evidence as to what substance was being estimated. The 
present work was begun with the object of approaching lactose meta- 
bolism more from the qualitative standpoint. 


Urine sugar after parturition. 
In a series of women after normal labour the urine was examined 
for sugar each morning during the puerperium. The test consisted in 
boiling an equal volume of urine and Fehling’s solution for 15-20 seconds 
and allowing to stand; if no noticeable reduction occurred during the 
next minute the test was considered negative. Fehling’s test is com- 
paratively insensitive, and is falling into disuse, but it was chosen de- 
liberately for the reason that by it normal and abnormal sugar excretion 
could be at once differentiated. Many healthy individuals pass urine 
which gives a slight reduction of Fehling’s solution; any urine which 
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LACTOSE IN URINE. 343 
does not must certainly contain sugar within limits which are normal. 


The nature of the normal urine “sugar” is uncertain and probably varies 


much according to the type of food taken; apart from the question of 
lactose excretion this problem is one for special and detailed study; it 
seemed undesirable at the present stage to consider any sugar excretion 
which was normal in amount. The statement that the excretion of re- 
ducing sugar after parturition is common was confirmed. Of twenty-nine 
cases examined, all were sugar-free on the day after delivery, yet sixteen 
gave a positive test for sugar later in the puerperium. The sugar appeared 
usually on the third day, and in some cases the reduction was very marked, 
simulating that in cases of diabetes. No reason could be assigned clini- 
cally for the appearance of sugar in the urine; there was no apparent 
difference in type, e.g. age, parity, or quantity of milk secreted, between 
those cases which excreted sugar and those which did not. The one 
significant fact was the coincidence of the sugar in the urine with the 
coming in of the milk, suggesting that in many women, normal in other 
respects, the adjustment of carbohydrate metabolism at this time was 
temporarily upset. This derangement might be of two types, a re- 
absorption into the blood of sugar formed in the mammary gland, or 
sugar carried to the gland from, for example, the liver, in amount greater 
than the gland was able to use. The latter possibility must be considered, 
although it is known [Rowley, 1922] that during lactation the blood 
sugar is not increased significantly in amount; whether it differs qualita- 
tively from normal is being investigated. As adjustment becomes more 
perfect the sugar in the urine decreases, and most cases were sugar free 
on leaving hospital 10 days after delivery. It was possible that the sugar 
excretion at the beginning of lactation might throw some light on the 


immediate precursors from which lactose is formed, and with this end 


in view the nature of the sugar excreted has been investigated as com- 


letely as possible. 

pletely 

The formation of phenyl-osazones is often used as a means of identifi- 
cation of sugar in urine, and this method was first tried. It is difficult 
to prepare samples of osazones, especially from disaccharides, which 
show correct analyses and sharp melting points, and the latter do not 
differ much for the derivatives of different sugars. The optical properties 
are widely different, and the determination of this constant affords more 
useful evidence. As a preliminary, some earlier observations on the 
phenyl-osazone of lactose were confirmed. This compound, described by 
Neuberg [1899] as inactive in pyridine-alcohol, shows an appreciable 
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positive rotation in this solvent, with mutarotation. Owing to the deep 
colour of the fluid special precautions must be taken when making the 
observations [Winter, 1925]. 2 g. lactose hydrate, 2-8g. phenyl - 
hydrazine hydrochloride, and 2-5 g. sodium acetate were dissolved in 
50 C. 0. water and heated on the boiling water bath for 30 minutes. After 
cooling, the crystals were separated, washed with cold water, recrystal- 
lized from hot aqueous pyridine, and dried over sulphuric acid in a 
vacuum. Heated rapidly in a capillary tube the substance sintered at 
194° and melted at 198-200° (uncorr.). 0-1026 g. in 4-588 g. pyridine- 
alcohol (d. 0-873). c = 2-05. 


Time (hours)... 0-3 0-8 2 3 9 22 
a +0-69 0-57 0-51 0-47 0-31 0-24 
28 25 12 


_ Micro-analysis (by Dr Ing. A. Schoeller, Berlin): C 54-25, 54-19; 
H 6-34, 6-24; N 10-60, 10-57. CHO, (N. NH. C, H,): requires C 55-38, 
H 6-15, N 10-76. 

Samiples of urine which gave a vigorous reduction of Fehling's solu- 
tion, obtained from cases 4 or 5 days after parturition, were placed in 
the boiling water bath with excess of phenyl-hydrazine and acetic acid. 
The phenyl-hydrazine had been just previously distilled at low pressure 
and was almost colourless. After heating for 30 minutes the solution 
was allowed to cool slowly. The flocculent precipitate was centrifuged, 
washed with cold water, and extracted with hot water in which it was 
partly soluble. Yellow crystals were deposited on cooling; after one 
further crystallization the deposit was observed microscopically. The 
crystalline form varied in different experiments, but the most common 
was star-shaped groups of broad needles. No crystals typical of lact- 
osazone were ever observed. For identification by melting point and 
rotatory power it was necessary to work on a larger scale. Two methods 
were used; the first was essentially that used by Needham [1924] for 
the extraction of inositol from urine. 500-600 c.c. urine were made into 
a dry mass with plaster of Paris and the solid was extracted with 85 p.c. 
alcohol. The alcohol was evaporated under low pressure, and the aqueous 
residue was used for preparation of osazones. In the second method an 
excess of neutral lead acetate was added to the urine, the precipitate 
was filtered off, and after removal of lead as sulphide the solution was 
concentrated in vacuo to a small volume. From most urines it was 


1 All rotations were observed in a 1 dm. tube. The polarimeter was a three field instru- 


ment, and a half shadow angle of 1° was used. In this paper figures for the specific rotation 
of lactose are calculated for the hydrate. | : 
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possible to separate by either method an osazone insoluble in hot water, 
with the crystalline form, melting point, and rotatory power of gluc- 


 osazone, but in no case was the fraction soluble in hot water identifiable 


with the osazone of lactose. Even after four or five crystallizations the 
star-shaped type of crystal persisted ; the melting point was very variable, 
and optical activity was absent or markedly negative. This line of attack 
was abandoned, and it was decided to separate whatever sugars might 
be present in a pure form and to determine their physical constants. 


Separation of lactose added to normal urine. 

The method used has recently been applied to the identification of 
the blood sugar, and described in that connection [Winter, 1930]. 
Further description is unnecessary here except to note that no concen- 
tration of urine is carried out; an excess of lead acetate is added, the 
mixture filtered, and the filtrate is made alkaline with ammonia. The 
following experiment shows that when lactose is added to urine much 
can be recovered sufficiently pure for identification by melting point 
and rotatory power. 

1-0 g. lactose hydrate added to 200c.c. urine from a healthy man. 
The lead precipitate weighed 13-5 g. The sugar was recrystallized from 
dilute alcohol, yield 0-5 g. By working up the mother liquor a further 
0-18 g. was obtained. The mixed sample gave the following figures. 
M. P. 203-205“. in 5-01 g. water. 2˙06. 


Initial Final 
a= +1-78 1-25 


C 40-25, 40-42; H 6-51, 6-55. On. H,0 requires O 40-00, H 6-66. 
With care it is possible to make the separation of the sugar roughly 
quantitative, but with a large number of experiments it saves much 
time if only the first crop of crystals is weighed. On this basis a 50 p.c. 
yield should be obtained, and this figure was used for comparison when 
the lactose was extracted from the urine of lactating women. | 


Examination of the sugar excreted after delivery. 
Estimations of the reducing value of the fresh specimens of urine 
were carried out by the Wood-Ost method, the permanganate being 
standardized in the usual way, and also by checking against known 
amounts of pure glucose and lactose in water. The sugar was then isolated 
from the urine and the yield compared with that deduced by titration. 
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M. W. Age 30. Multipara. 72 0. o. urine (drawn off by catheter) con- 
taining 1-62 g. sugar calculated as lactose hydrate. 0-53 g. sugar isolated 
which gave the following figures. M. P. 202-204". 0-2055 g. in 9-98g. 
water. c= 2:0, 


Initial Final 
a= 71.73 1-21 
+86 60 


C 40-26, 39-93; H 6-48, 6-66. 

0-25 g. of the substance was dissolved in 60.c. water with the 
addition of 0-3 g. sodium acetate and 0-35 g. phenyl-hydrazine hydro- 
chloride, and heated in the water bath for 30 minutes. The precipitate 
which deposited on cooling was examined microscopically and found to 
be typical of lactosazone. The product was recrystallized from hot dilute 
pyridine. M. P. 198-200° with sintering at 195°. 0-024 g. in 1-754 . 
pyridine-alcohol (d. 0-873). c= 1-2. 


Init! Final 
a= 0-15 
+36 12 


C 55-40, 55:33; H 6-34, 6-09; N 10-80, 10-80. : 

The yield of lactose in this experiment is 33 p.c. of tha “sugar” 
content found by titration. But the estimation of reducing power was 
made in urine, and substances other than sugar reduce the copper solu- 
tion, therefore the result was too high for this reason; it was found also 
that lactose added to normal urine whose reducing power was known 
was estimated too high after the correction for the normal urinary con- 
stituents had been made. The increase is fairly constant with samples 
of urine of different reducing power, and was found to be 10 p.c. The 
2 is not clear, but the following are representative * 


% we ) Lactose Lactose 
“in 100 added to — Error 
— agg 100 0.0. Found Corrected (p.c.) 
0-10 1-44 1-82 1-66 +14 
0-16 1-00 1-42 1-09 + 9 
1-00 1-48 1-11 +11 


Since there is no reason to suppose that the normal urinary reducing 
substances are diminished in amount during pregnancy and lactation, 
it seems fair to assume that the apparent lactose content is 20 p.c. too 
high at a conservative estimate, and that the yield of sugar obtained 
from these urines is not significantly low. Nevertheless the mother 
liquor has been worked up to detect other sugars which might be present, 
viz. glucose, galactose and cellobiose,. Any of these sugars — be 
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concerned in the formation of lactose, and be excreted in the urine at the 
time when the mammary gland was beginning to secrete milk, before 


perfect adjustment had taken place. Supposing one of these sugars to 


be present, they should be detected after removal of the greater part of 
the lactose, as follows. Glucose and galactose, by a significant raising of 
the specific rotatory power of the mixed crystals, and lowering of the 
melting point; cellobiose (which crystallizes as the 8 compound at room 


temperature), by lowering the specific rotation and masking the course 


of mutarotation, and by raising the melting point. 
The mother liquor from the urine of M. W. was subjected to fractional 
crystallization from dilute alcohol with the following result. 


Lali 
Yield 7 A — 
Fraction (mg.) M. p. Initial Final 
4 21 202-205 774 59 
B 200-202° +89 59 
0 32 202204 +95 59 
D 15 196-198° +74 46 


These figures do not suggest that there was present in the urine any 
significant quantity of sugar other than lactose. 
E. H. Age 24. Primipara. Urine taken 4 days after parturition, 


138 0.0. containing 2-65 g. sugar calculated as lactose hydrate. 1-02 g. 


sugar isolated. M. p. 200-202°, 0-050 g. in 2-01 g. water. c = 2-5. 


Initial Final 
a= +217 1-45 
lau +86 58 


C 40-15, 40-01; H 6-55, 6-62. | | 
Phenyl-osazone: M. . 195-196°. [all = +33 (in pyridine-alcohol). 


Fractionation of the mother liquor. 5 
| Lali 
Yield 7 — * 
Fraction (mg.) M.P. Initial Final 
A 17 196-198° +79 58 
B 21 200-202° +84 60 
0 18 200-202 +78 56 


Lactose being a disaccharide, the reducing power is approximately 
doubled after boiling with acid. In every case examined in which sugar 
has been excreted during the puerperium, and the reducing power of 
the urine increased to this extent under standard conditions of heating, 
when the sugar has been isolated it has been found to be lactose and no 
other sugar has yet been detected. The conditions found most suitable for 
complete hydrolysis without appreciable destruction of sugar are an acid 
content of half normal HCl, and heating under reflux at 100° for 14 hours. 
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The sugar excreted before parturition. 

Twenty-seven cases were examined immediately before parturition. 
Only two passed urine which reduced Fehling’s solution: in both of 
these cases heating the urine with acid caused no increase in reducing 
power, indicating that a mono-saccharide was present. The sugar proved 
to be glucose. The following are the experimental results. 

A. C. Age 24. Primipara. 87 c.c. urine drawn off by catheter 3 hours 
before delivery. 5 0.0. urine were diluted with an equal amount of 
N HCl. 4c.c. required 2-8 c.c. permanganate before and after heating. 
81 c. o. urine, containing 0-33 g. sugar calculated as glucose, were worked 
up for separation of the sugar. The final syrup crystallized after stirring, 
and in the course of a day became a hard dry mass. This was broken up, 
rapidly washed with alcohol, and dried over sulphuric acid. Yield 95 mg. 
50 mg. were dissolved in 4 c.c. water with the addition of the calculated 
amounts of sodium acetate and phenyl-hydrazine hydrochloride, and 
the mixture was heated for 30 minutes on the boiling water bath. After 
cooling, the solid was recrystallized from hot dilute alcohol. Yield 20 mg. 
M. r. 208-210°, unchanged when intimately mixed with a known sample 
of glucose phenyl-osazone. 15 mg. were dissolved in 2-01 c.c. of pyridine- 
alcohol (d. 0-873). o 0-74. 


Initial: ‘Final 
0-59 0-29 
= -79 39 


The remainder of the sugar was recrystallized from dry methyl alcohol 


for analysis. M. P. 143-145. were water. 
071. 


Time (hours) . 01 0-3 1-75 4-0 9-0 
a +086 072 0-50 0-42 0-42 
Lale +121 100 70 59 59 


C 39-87, 39-91; H 6-49, 6-47. 

M. C. Age 40. Primipara. Urine obtained 12 hours before parturi- 
tion. 5 0.0. urine were diluted with 5 C. 0. V HCl, and 4 c. c. required 
6-2 C. c. permanganate before, and 6-4 c.c. after hydrolysis. 220 c.c. urine, 
containing 2 g. sugar calculated as glucose, were precipitated with lead 
— and the sugar was extracted. Yield 0-70 g. M. . 144-146“. 


la = +114 falling to +60. 


0 39-87, 39-99; H 6-54, 6-59. = 
Mu. P. 208-210. [a falling to — 40. 
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In both of these cases glucose was replaced by lactose in the urine 
after parturition. The following are the sugar estimations carried out 
daily on M. C. A sample was obtained at 6.0 a.m. each morning, but 
24-hour specimens were not collected, and no estimate of the total daily 
sugar excretion was made as the point of interest was the cessation of 
glucose excretion after parturition and the appearance of lactose. 


Sugar“ 
h 
.o.) (v. o.) 
May 10th 0-22 0-21 
„ 12th 902 902 
„ 18th 0-27 0-48 
„ 14th 0-33 0-60 
| * Delivered at 6.0 p.m. 
Utilization of lactose. 


The excretion of lactose in the urine at the time when the milk is 
coming in is often considerable in amount, a sugar content of 2 p.c. 
being not uncommon. It is possible that the sugar excretion is due to 
reabsorption into the blood of lactose formed by the cells of the mammary 
gland, owing to temporary blocking of some small ducts, for no significant 
alteration in the lactose excretien took place when the milk was drawn 
off completely from the breasts at frequent intervals; on the other hand, 
when the breasts were strapped up and exit of milk prevented, as in 
cases of still-birth, there was no sugar excretion above that found in 
women who were feeding their babies; evidently. the mechanism stops 
rapidly under the lack of the stimulus of suckling. It is possible that the 
mammary gland during development in pregnancy produces lactose 
which is reabsorbed and excreted, but no identifiable amount passes 
into the urine at this time. If however, as suggested by Watkins, 
lactose is a utilizable sugar, and also is excreted before parturition, then 
the amount of lactose in the urine is not the total which is produced, 
but much more must be formed by the gland and utilized by the maternal 
tissues, only the excess appearing in the urine. Such a view implies a 
considerable misdirection of effort on the part of the gland. Formerly 
it was considered that lactose, when introduced into the circulation 
before being split into its constituent sugars, was quite unassimilable. 
Watkins argues that after a meal of lactose, unsplit sugar passes the 
gut wall, but in the case of small doses it does not appear in the urine 
because it is utilized. The results obtained by the present writer show 
that when lactose is given by the mouth very little passes into the 
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circulation even after 50 g. doses. With smaller amounts, if any is ab- 
sorbed unhydrolysed, it is more probable that it escapes detection in 
the urine owing to slow excretion and imperfect methods of analysis, 
than that it is utilized by the tissues. I have found no change in the 
lactose excretion of parturient women after giving insulin. Though the 
blood glucose is the only sugar known to be influenced, nevertheless 
the diminution of this sugar following insulin injection might lead to the 
circulating lactose being called upon, were it oxidizable. All experiments 
on these lines gave negative results. Watkins gave 10, 20 or 30 g. 
doses of lactose by the mouth to women in order to determine what 
amount would lead to an increased excretion of non-fermentable re- 
ducing substance. No distinction was made between lactose or galactose. 
It was found that for women during the inter-menstrual period the 
tolerance dose was 10 g., but that during menstruation or pregnancy, 
but not during lactation, 20-30 g. could be taken without excreting extra 
sugar. In the following experiments 50 g. of lactose were taken, irre- 
spective of body weight; the conditions were similar to those used by 
Watkins, the sugar being given about 3} hours after a light breakfast, 
but as the experiments were often long continued, the subjects (medical 
students) were not required to abstain from food longer than 7 hours. 
Two sugar estimations were carried out on each sample of urine, before 
and after boiling with acid; since by the method used no increase in 
reducing power is detected in normal urine after acid hydrolysis, it was 
easy to discover at what time after ingestion of lactose any unsplit sugar 
began to be excreted. In the experiments of Folin and Berglund 
[1922] this was not possible, as the urines showed an increase in reducing 
power on heating with acid before ingestion of the sugar, and through- 
out the experiment. 

The following are representative experiments and show that as a result 
of taking 50 g. lactose the amount of unchanged sugar excreted in the 
urine must be very small. To suppose that the figures are reliable for 
the absolute amount of lactose excreted would be incorrect, bearing in 
mind the presence of other reducing substances, and the high values 
obtained for lactose in urine. The purpose is to show that the lactose 
excretion after taking the sugar by the mouth is so small and spread 
out over so long a time that no method not specific for this sugar can 
give the actual values, and that different individuals vary in their 
ability to hydrolyse this sugar. The subjects D. A. H. and W. R. d. 
were apparently still excreting lactose 10 hours after the beginning of 
the experiment, and when the experiments were repeated almost 
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gar after 


of 
Sugar 


(.) 
W. R. G. 64 kg.: 
10.25 
11.25 0-08 
11.30 (took 50 g. lactose) 
12.30 0-22 

1.30 0-11 

2.30 0-09 

3.30 0-08 

4.30 0-10 

5.30 0-25 

6.30 0-11 

8.30 020 
10.30 

7. 30 a. m. 0-12 

next day 
L. W. D. 73 kg.: 
— 
11.15 (took 50 g. lactose) 

1.10 0-14 

3.10 0-09 

5.20 0-04 

7.50 0-04 
11.30 0-02 

7.0 a.m, 0-02 

next 
D. A. H. 66 kg.: 

9. — 
11. 1 
11.30 (took 50 g. lactose) 

0-47 

4.0 0-27 
6.0 0-19 

8.0 0- 
10.0 0-27 


identical cesulis were obtained. The following figures show that in the 


(g:) 


actose” 


8. 


338888888 


case of L. B. W. the excretion of lactose is quickly over. 


L. B. W. 83 kg.: 
9.0 — 
1.30 2 
3 (took 50 g. lactose) 
3.0 0-1 
4.40 0-1 
6.0 0-07 
12.0 — 
1.0 
1.5 (took 75 g. name? 
3.0 0-31 
4.0 0-16 


f 
Agee 
„ 
* 
— 
0-22 
0-10 4 
0-15 3 
0:28 
0-16 
0-27 
0-32 
0-14 4 
¢ 
— — at 
0-09 — 4 
0-14 — * * 
0-09 — 
0-04 4 
——— 
0-04 — . 
0-02 * 
— — 
0-12 — 4 
0:47 — 
0-32 0-13 = 
* 
0˙32 0-09 
Time of passing Sugar hydrolysis “ Lactose” 4 
g. g. 4 
— 
0-2 — 
0-4 — a 
0:2 0-1 — 
0:15 0-05 
0-07 — 
= 
— — 
0-04 — 4 
0-3 te 4 
0-46 0-15 
5. tal 
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Though the taking of 50 g. lactose by the mouth resulted in different 
amounts of this sugar being excreted by different individuals, all experi- 
ments agreed in showing that lactose excretion did not begin until 
2 hours after the sugar was taken. Whether after that time lactose was 
in fact excreted is uncertain, for the quantity was always too small for 
identification by chemical methods, but the increased reducing power 
on heating the urine with acid renders it highly probable that traces of 
unchanged sugar were present. All experiments also showed that the 
first result of taking lactose is an increased excretion of reducing sugar 
which is not lactose, since the titration figures were not increased by 
boiling the urine in the presence of acid. That this sugar is not neces- 
sarily galactose is shown by the following experiment. 

W. R. G. after emptying the bladder received 50 g. lactose at 
11.30a.m. At 1.30 p.m. 400c.c. urine were passed containing 0-72 g. 
sugar (reckoned as glucose, and with the value remaining unaltered after 
hydrolysis). The sugar was extracted in the usual manner, and 033 g. 
was isolated without difficulty A sample was recrystallized for analysis, 
and the following figures were obtained. M.. 145-146°. 18-0 mg. in 
2:01 g. water. c = 0-9. ) 


Initial Final 
a= +1-08 0-54 
la = +120 60 


0 40-04, 40-20; H 6-87, 6-90. 

Phenyl-osazone: M. P. 208-210°. [ale = — 81 falling to — 39. 

Individuals vary in their tolerance to the galactose half of the 
molecule. D. A. H. passed urine at 12.10 and took 50 g. lactose. The 
next sample of urine (230 C. c.) was passed at 3.0 p.m. and contained 
0-41 g. of sugar calculated as glucose; the reducing value of the urine was 
not raised by heating with acid. The sugar was extracted, but the syrup 
crystallized only partially, and was drained on a porous tile. The solid 
was washed with alcohol, dried, and recrystallized from methyl alcohol. 
22 mg. of sugar were obtained with the melting point and specific ro- 
tatory power of a galactose. M. P. 162°. 11-6 mg. in 1-60 g. water. c = 0-72. 


Initial Final 
a= +1-06 0-68 
lala = +147 94 


C 39-77, 39-96; H 6-74, 6-77. : 
The very small yield of galactose obtained, and the difficulty of 
separation of this constituent, point to there having been another sugar 
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present, probably glucose; it was not possible however to induce this 
other sugar to crystallize. 


Rabbits were used. The animals were placed in a metabolism cage 
and allowed water and a little cabbage for 24 hours before and during 
the experiment. The urine was collected during the 12 hours preceding 
the sugar injection, and the total “sugar” was estimated. Lactose dis- 
solved in 5 c.c. warm saline was then injected into an ear vein, and the 
sugar excretion during the next 12 hours was determined. The difference 
gives an approximate figure for the lactose excretion. The variations in 
different experiments were very wide, particularly when lactating animals 
were used. In the latter experiments the rabbit was placed with the 
young in the cage in order not to disturb the normal removal of milk 
from the breasts; the time selected was 10 days after parturition, when 
lactation was at its height and the young were just out of the nest. The 
following are representative experiments. 


Weight Exereted 
Exp. Sex (kg.) ) (g-) 
1 M. i 2˙9 1-0 0-67 
4 5 28 10 0:52 
5 1 4-2 10 1-36 


The increased reducing power after heating the urine with acid indi- 
cated that in all cases it was the unchanged sugar which was excreted. 
Separation of the sugar from the urine of the rabbit proved somewhat 
difficult, and the yield was poor. The following are the details of Exp. 3 
in which the lactose was isolated. 

130 0.0. urine collected in the 12 hours preceding injection, containing 
0-03 g. “sugar.” 121 c. c. urine collected after injection of lactose. 5 c.c. 
were diluted with an equal volume of N HCl; 4 c.c. of the mixture re- 
quired 1-9 c.c. of permanganate before and 3-7 c.c. after boiling, giving 
a “lactose” content of 0-67 g. From 75 c.c. of this urine 70 mg. of sugar 
were obtained. M. P. 201-203. [als = + 85 falling to + 60. 

The above experiments show that there is no indication that even 
the lactating animal is able to use unhydrolysed lactose, but it is clear 
from the individual variations in either group of experiments that the 
question of the non-utilization of lactose cannot be settled by relying 
on urine analyses. All that can be concluded is that when lactose is given 
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by the mouth little is excreted, and when injected into the circulation 
much is passed into the urine, but how much and how little respectively 
it is impossible to determine. More satisfactory evidence is afforded by 
experiment based on the following argument, If lactose is utilizable by 


the tissues there will be a definite threshold for this sugar in the blood; 


no substance of use to the body would be likely to be allowed to escape 
through the kidney while it was being transported by the blood to the 
tissues able to use it. If while lactose is being excreted there is no 
identifiable amount circulating, then it may be concluded that all of 
this sugar is promptly excreted as soon as it reaches the blood; if on the 
other hand there is a threshold for lactose, there will be an appreciable 
amount present in the blood under these conditions. The results ob- 
tained by this line of attack will be given in the second part of this 
paper, dealing with the examination of the blood sugar during lactation. 


SumMaRY. 

1. During the puerperium women frequently pass urine which con- 
tains an abnormally high concentration of reducing substances; lactose 
is the only sugar which has been separated from such urines. 

2. Before parturition it is uncommon for the reducing substances 
of the urine to be increased; when this occurs the sugar is glucose. 

3. Identification of sugar in urine by condensation with phenyl- 
hydrazine may be very misleading. 

4. The tolerance of normal men for lactose taken by the mouth is 
considerable. If excretion of lactose takes place after 50 g. doses, the 
amount is very small and does not occur until 2 hours after taking the 


5. The immediate result of taking lactose by the mouth is an excre- 


tion in small amount of either glucose or galactose, or possibly both 


sugars, depending on the individual. 
6. Lactose injected intravenously into rabbits is largely excreted 
unchanged, irrespective of the sex. This is also true of lactating animals. 


I am grateful to Dr J. P. Hedley for giving me every facility 
for obtaining material from his cases, and to the Nursing Staff for their 
cooperation, My thanks are due to Prof. J. Mellanby, F. R. S., for 
ensuring that the physiological aspeot was not lost sight of during 
the chemical work. 


The expenses of this work were in part defrayed by a t from the Government 
Grant Committee of the Royal Society. sel gee 
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DOES MUSCULAR CONTRACTION AFFECT THE 
LOCAL BLOOD SUPPLY IN THE ABSENCE 
OF LACTIC ACID FORMATION? 


By TSANG-G. XI. 


(From the Laboratory of Zoophysiology 


Ini is generally believed that the increased flow of blood to active muscles 
is brought about by the increased formation of acid metabolites. Pre- 
vious workers reported that lactic acid in a concentration of 1/10,000 
(Gaskell, 1880] produced vaso-dilatation of muscle, and in a concen- 
tration of 0-05 to 0-01 p. c. [Anre p, 1912] caused hypereemia of the rabbit’s 
ear. Fleisch [1921] pointed out that in almost all the perfusion experi- 
ments made prior to his report, the acid concentrations employed were 
many times higher than could occur in living tissue. He therefore used 
perfusion fluids of low concentration of acid, and found that even a slight 
increase in the hydrogen ion concentration induced a distinct increase 
in the volume perfused. 

On the other hand, recent work [Krogh, 1929] showed that buffer 
mixtures of pH = 3-65 to pH = 2-96 applied to the ventral surface of 
the frog’s tongue gave no, or doubtful, dilatation, and that a mixture 
of 10 p.c. CO, in air produced no widening of capillaries. , 

The difficulty hitherto encountered was that muscular contraction 
was inseparably bound up with increased formation of acids. What all 
the previous authors on this problem tended to examine was whether 
acid without contraction—alone would play a part in the peripheral 
regulation of the blood supply. It is therefore highly desirable to attack 
the problem from another angle, that is, whether contraction—without 
increase in lactic acid—alone would affect the supply of blood to the 
stimulated muscle. 

The physiological significance of an increase in blood supply to an 
active muscle is to facilitate the exchange of substances between the 
blood and the tissues which takes place in the capillaries, The conditions of 
supply are affected by a dilatation of arterioles which increases the flow 
of blood, and by a dilatation and opening up of capillaries which increase 
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the nine area available for the exchange of substances and shorten 
the distances through which they have to be transported. In the present 
report I have disregarded the flow and applied the methods for studying 


capillaries, chiefly by counting. 


METHODs. 


To prevent the increase in lactic acid caused by muscular contraction, 
the procedure described by Lundsgaard [1930] was followed. Frogs were 
used. In all cases, unless otherwise mentioned, transection of the spinal 
cord below the medulla was performed at least one day before each ex- 
periment was done. Voluntary movements were thus abolished, while 
the nerves to the hind legs were uninjured. Fifty minutes after the in- 
jection of monoiodoacetic acid, 0-1 mg. per g. of body weight, into the 
dorsal lymph sac, the anterior tibial muscle (m. tibialis anticus longus), 
sometimes the gastrocnemius and, in a few cases, the thigh muscles of 
one side were stimulated by induced currents (a locally made induc- 
torium, secondary coil at 6 em.). After seventy separate shocks at the 
rate of one per 2 seconds, with intervals for rest, had been given, a 
graphite suspension [Drinker and Churchill, 1927] was introduced 
slowly by intracardial injection. The graphite was thus distributed 
through the action of the heart to the vessels in use—vessels which were 
already patent. 

For my present work the concentration of the suspension used was 
between 5 and 10” as estimated according to the technique recom- 
mended by Perry [1930]. Five to eight minutes after the injection of 
graphite, both the stimulated and the control side were removed and 
prepared for imbedding, cutting and finally for counting of capillaries 
in the injected preparations. 

The counting of the number of open capillaries was made on trans- 
verse sections. Averages of five to six countings, each made on an area 
of 0-2500 sq. mm., were taken. 


RESULTS. 

Although it was shown by a previous author [Krogh, 1919} that 
capillaries. are distributed among the muscle fibres with conspicuous 
regularity, only a great difference in the number of capillaries between 
the stimulated and the control muscles was taken as significant for 
reasons to be discussed later. : 

When the injected muscles were fixed, dehydrated and rendered. 
PH. LXXI. 24 
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transparent by means of soaking them in wintergreen oil, one could 

clearly see with unaided eyes the marked difference in the number of 
injected vessels between the stimulated and the control resting muscles. 
In the resting muscles of the control side only a few black threads” 
(injected vessels) were seen running inside the transparent muscle tissue; 
in the stimulated muscles of the, other leg a very great number of vessels 
were injected. When such vitally. injected legs were so arranged and 
covered with wintergreen oil in a glass chamber that a photograph could 

be taken by transmitted light, the photograph showed in the resting 
side some injected vessels running in the transparent tissues, while in 


Fig. 1. A, control side; B, stimulated side. 


the stimulated side the injected vessels were so numerous that they 
gave the thigh muscles especially the appearance of a black mass. By 
counting the number of open capillaries, however, at corresponding 
levels of stimulated and control muscles, quantitative and more accurate 
information was obtained. 

The results presented in Table I were obtained from preparations of 
m. tibialis anticus longus with the exception of Exp. 5, in which the 
gastrocnemius muscles were employed. Although the increase in the 
lactic acid was prevented in such cases, the local blood supply after 
contraction was undoubtedly increased as evidenced by the number of 
open capillaries. The number of patent capillaries in stimulated muscles 
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ranged from 139 to 198 per sq. mm.; in corresponding muscles of the 
resting side there were very few. The highest increase was thirty-nine- 
fold (Exp. 14). 

When the dose of monoiodoacetic acid was large (0-4 mg. per g.), 
stagnation of circulation took place very soon; both the local stasis and 
the rigor of the muscles occurred earlier in the stimulated side than in 
the control leg. Consequently, in such cases, the stimulated muscles 
showed only a few injected capillaries (Exp. C). 

In a case in which the sciatic nerves were cut instead of transection 
of spinal cord, fairly good numbers of injected capillaries were found in 
both the active and the control muscles. This might be due to the loss 
of the sympathetic influence in the maintenance of the normal tonus of 
local vessels. 


Tant I. Number of patent capillaries per sq. mm. from averages of 


five to six countings. 
Experiments Stimulated (resting) Experiments Stimulated (resting) 

1* 182 10 9 161 12 

2 6 23 10 186 14 
3* 59 4 11 139 6 
4* 187 16 12* 197 

5 164 6 13 146 13 

6 170 8 14* 198 

7* 151 6 C 12 17 
8* 192 10 


* Muscles of left leg were stimulated; in other cases those of right leg were stimulated. 


Discussion. | 

In longitudinal sections it was noted that in some parts capillaries 
appeared as continuous black lines, in other parts they are interposed 
by black dots. Apparently in vital injections the replacement of blood 
by graphite was not always complete. It was necessary therefore to make 
enough allowance for errors caused by such uneven distribution of the 
graphite. Countings made on sections cut at various levels showed that 
the deviation from the mean was usually less than 40 p.c. The increase 
in patent capillaries after contraction was as much as seven- to thirty- 
nine-fold. 
As already mentioned, large doses of monoiodoacetic acid would 
produce stagnation of circulation: For the purpose of vital injection it 
was our practice to avoid anything which would cause stagnation. The 
results presented in Table I were taken from cases under the influence 
of a small amount (0-1 mg. per g.) of monoiodoacetic acid. The question 
was whether such a quantity might be insufficient to prevent the forma- 
24—2 
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tion of lactic acid. This was answered by the following experiments. 
0-1 mg. per g. of monoiodoacetic acid was injected into two series of 
frogs (transections of the spinal cord were made on a previous day). In one 
series muscles were stimulated by separate shocks under the conditions 
described above. The muscles were then prepared for the estimation of 
lactic acid according to the zinc lactate method [Fletcherand Hopkins, 
1906]. In the other series the muscles were not stimulated. In the 
stimulated series the lactic acid found was 0-021 mg. p. o.; in the control 
series, 0-028 mg. p.c. 

The present results tend to show that, in the absence of increase in 
lactic acid, muscular contraction can still promote the local supply of 
blood. by opening up more capillaries. In connection with the two im- 
portant factors: (a) the available capillary surface, and (6) the rate of 
blood flow, most previous authors have emphasized (6); the present work 
has been planned to deal with (a). Our results, however, do not exclude 
the possibility that lactic acid might play some part in the regulation 
of the rate through its action on the cardio-vascular system other than 
the capillaries. 

Although stimuli were directly applied to the leg, the possibility of 
the spreading of current to nerves was not excluded. Indeed in all cases 
the reflex arc was not destroyed, and it was impossible to be certain just 
how much could be attributed to the mechanical effect of the contrac- 
tion and how much to the nervous influence. According to Krogh, 
stimulation of the nerve to a muscle fails to cause any opening up of 
capillaries, when contraction is prevented by curare, but a reflex re- 
laxation of sympathetic tone is an obvious possibility in voluntary or 
reflex contractions. In the present series I tried to ascertain the influence 
of nerve stimulation when the muscular contraction was prevented by 
curare. The curare we had on hand produced stagnation of the circula- 
tion even before the motor endings had been completely paralysed, and 
consequently the vital injection in this curare series was unsuccessful. 
Antidromie reaction” [Bayliss, 1901; Doi, 1920; Krogh, Harrop 
and Rehberg, 1922] was not sufficient to account for the present results, 
since stimulation of posterior roots did not increase the number of patent 
capillaries beyond the experimental error. 

Krogh [1929] reported that a mixture of 10 p.c. of CO, in air, a 
tension so high that it probably never occurs in normal frogs, produces 
an increase in circulation in a few capillaries, but the general increase 
over the whole field was too slight to be ascertained. Since in the present 
work the blood circulation was W 
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there could not be much accumulation of O0, in the muscle. My results, 
however, do not preclude the possibility of the formation of active 
substances other than lactic acid. For instance, stimulation might 
liberate from the cell protein some “dilator hormone,” comparable to the 
formation of H-substances [Lewis and Grant, 1924] in stimulated 
mammalian tissues. 

SuMMARY. 
_ When the formation of lactic acid is prevented by poisoning with 
monoiodoacetic acid, muscular contraction can still increase the local 
blood supply by opening up more capillaries. Evidently lactic acid from 
the muscle is not an essential part of the mechanism which regulates 
the peripheral blood flow. Whether a humoral intervention of a sub- 
stance other than lactic acid exists, is not discussed. 


It is a great pleasure to express my thanks to Prof. Krogh and to 
Dr Rehberg for the laboratory facilities and for their counsel; to Prof. 
Lindhard for the privilege of using his microtome, and to Mr . 


for taking 895 photograph. 
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THE NOMENCLATURE OF THE AUTONOMIC 
NERVOUS SYSTEM. 


By E. SHARPEY-SCHAFER. 


Tin two main functions of the autonomic or visceral nervous system are 


those of excitation and inhibition. These are exercised through two physio- 
logically different kinds of nerve fibres which may be designated the ex- 
citatory and the inhibitory. It is customary, however, to speak of them 
and to designate them “sympathetic” and parasympa- 
thetic” (or “ vagal”’). Thus in discussing the autonomicsupply to the blood 
vessels we usually mean by “sympathetic,” nerve fibres conveying ex- 
citatory action, and by “parasympathetic,” nerve fibres conveying in- 
_ hibitory action, and recognize that these actions, and therefore the terms 
employed to denote them, are antagonistic. But although in most nerves 
to the vascular system the fibres causing contraction are conveyed by 
sympathetic (e. 9. cervical sympathetic, hypogastric) and most of those 
causing inhibition by parasympathetic (e.g. chorda tympani, nervi eri- 
gentes, cardiac vagus), yet the exceptions are sufficiently numerous and 
important as to invalidate the rule. Such exceptions occur even with the 
vaso- motor nerves. Dastre and Morat long ago observed that the 
cervical sympathetic contains not only fibres which produce contraction 
of blood vessels but also others which produce dilatation (inhibition); 
and the same was also many years since shown by Bowditch and 
Warren to be true for the supply to the hind limb. More recently it has 
been established that the statement holds good for the whole sympathetic 
supply to blood vessels—even to those of the abdominal viscera, which 
contract strongly on stimulating the splanchnics owing to the exciting 
fibres predominating, but dilate or are inhibited if the excitatory fibres 
are paralyzed or interrupted so that the inhibitory fibres, the presence 
and origin of which have recently been demonstrated both histologic- 
ally and experimentally by Kuré, can come into play. Moreover it is 
chiefly in its effect on the vascular system that the excitatory action 
of the sympathetic predominates: exactly the opposite occurs with the 
muscular coat of the alimentary canal. To this the vagus chiefly con- 
ducts excitatory, the sympathetic chiefly inhibitory fibres. But the 


sympathetic also has excitatory fibres which provoke contraction of - 
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intestinal muscle, and it sometimes happens that when the splanchnic 
is stimulated the action of these predominates so that, instead of the 
usual inhibition, contraction is obtained. Ceteris paribus, a similar state- 
ment may be made about vagal or parasympathetic action as about 
sympathetic. In some cases, as with the heart and chorda tympani, such 
action is inhibitory, in others as with the musculature of the alimentary 
canal, it is excitatory. Both kinds of fibres often run in the same ana- 
tomical nerve. Even the cardiac branches of the vagus.sometimes have 
fibres conveying excitatory impulses, although these are normally masked 
by the predominance of those conveying inhibition. 

Surely physiology should disencumber itself of anatomical terms in 
classifying the activities of the autonomic nervous system. Especially 
the terms sympathetic and parasympathetic, vago-tonic and sympathe- 
tico-tonic, should be discarded and replaced by expressions signifying the 
precise physiological effects produced. I am not in favour of discarding 
old terms unless there is a good reason for doing so. Such a reason un- 
questionably exists where the terms in use are erroneous or misleading. 
In using the anatomical term “ sympathetic to express a particular 
nervous action we include—without meaning to do so—two antagonistic 
effects (excitation and inhibition), and the same with the term para- 
sympathetic, although in employing those terms it is assumed that only 
one of these effects is produced; the other is ignored. It would seem more 
appropriate to denote physiological effects by purely physiological terms, 
and to reserve the anatomical terms for — the paths of the fibres 
- conveying the physiological effects. 


/ 
. 
* 
— 
ASM 
a 
ae 
x... 
ig 
. 
7 ~ 
& 
8 
ya 
ve 
a 2 
4 
AR 
„ 
— 
* 
* 
Mg 
* 
1 


612.16:612.592 
612.2:612.592 


THE EFFECT OF TEMPERATURE ON THE FRE- 
QUENCY OF HEART AND RESPIRATION IN 
THE GUINEA-PIG AND CAT. 


By J. BARCROFT anp J. J. IZQUIERDO. 


(From the Physiological Laboratory, Cambridge.) 


In previous papers Barcroft and Izquierdo [1931] and Taylor [1931] 
have discussed the relation of temperature to the pulse rate in the frog, 
especially in relation to the effect of temperature on the nervous control. 
In Rana esculenta they find that there is no evidence of nervous con- 
trol when the frogs collected in summer are at rest, for the excised hearts 


of these frogs yield the same temperature-frequency curves as the hearts 


in the intact frogs. Moreover these curves in the intact frogs are un- 
influenced or only slightly influenced by the injection of atropine. In 
Xenopus laevis [Taylor, 1931], in which the heart may be made to beat 
over a much larger range of temperature, the vagus has a marked effect 
within a certain range of temperature which is neither the highest nor the 
lowest at which the heart normally beats. In Xenopus we have no in- 
formation about the effect of the sympathetic, except the purely negative 
observation that even after atropine the temperature-frequency curve is 
not of the same character in the intact frog as it is for the excised heart. 

The present research extends the observations made on the frog to the 
mammal, guinea-pigs and cats having been used. 

It is not necessary to review the whole previous literature of the effect 
of temperature on the heart for which see Gellhorn [1924], but only 
as a preface to our own experiments to remind the reader that according 
to Knowlton and Starling [1912] over the range of temperature 
available in the heart-lung preparation of the dog the rate of the heart 


varied almost exactly with the temperature and not with its logarithm. 


MetHops. 
Fourteen cats (1-6 to 3-4 kg.) and three guinea-pigs (400-600 g.) were 


used. Some of them were deeply anmsthetized (urethane, 1-2 C. 0. of 
25 p.c. solution per kg. or chloralose, 10 og. per kg.); others only very 
lightly (luminal, 7-10 og. per kg.), and as it seemed from their activities, 
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to be described later, they were deprived of their cortical cerebral func- 
tions, but not of their diencephalic ones. 

For the alteration of their body temperature (measured with a thermo- 
meter deeply placed in the rectum) three methods were used: 

(a) The animals were tied down in the dorsal position upon the central 
copper case of the Brodie’s operating table in the reservoir of which water 
at a suitable temperature was placed, and in addition bottles with warm 
or ice-water were placed close to the animal and the whole covered with 


a cloth. 


(6) The cats were suspended or placed lying on their sides in a 
chamber, which was jacketed with another and larger one. The space 
between the two was filled with ice-water which was gradually warmed 
up by means of hot water circulating through a tube coiled around it, and 
could be cooled in a similar way. The chamber was constantly ventilated 
by a current of moist air. Before entering the chamber this air circulated 
through a tube submerged in the surrounding fluid and thus acquired 
about the same temperature as that of the fluid. 

Using method (a), a change of body temperature of about 10-12° C. 
was easily obtained in } hour to about 2 hours in guinea-pigs (see guinea- 
pig 1), but with cats (1 to 4) the variation was extremely slow and needed 
about 4 hours. By using method (b) (cats 5 to 12), the time required for 
& single experiment was reduced usually to 14 to 24 hours, but in a few 
instances it was prolonged to nearly 4 hours. To follow the effects of 
a quicker change, a third method was put into practice. 

(c) The cats were first more or less thoroughly clipped, warmed in a 
warmed chamber with a current of warmed air and cooled in another 
chamber submerged in ice-water. During the cooling period they were 
in addition wet with cold water on their whole body surface between 
observations. 

The heart rate was: a directly counted from palpation of the apex beat, 
and g; counted from electrocardiographic records taken from lead II. 

Respiratory rate was: a directly counted from inspection, or f from 
tracings of the shadow of a pneumographic lever placed in front of the 
galvanometric camera. 

In some experiments, after a first set of observations had been made 
at progressively increasing or decreasing temperatures, the experiment 
was repeated in the opposite direction. Fig. 4 gives an idea of the extent 
to which the results obtained in these two conditions coincide. 

To get an idea upon the effects of suppressing the vagal tone, similar 
experiments were carried out after injection of atropine sulphate (about 
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| ‘Wig. 1. 
1. Guinea-pig 1, 600 g. Deep urethane narcosis. Warmed up by method (a). A to,B in 
30 min. (From electrocardiographic records. ) 


2. Cat 5,3-1kg. Fully anesthetized with chloralose. Cooled down and then warmed up 
by method (b). 4 to B, 2 hr. 33 min. B to O, 3hr. 7 min. 

3. Guinea-pig 3, 385g. Full urethane narcosis. Warmed up by{method (a). A to B, 
2 hr. 16min. (From electrocardiographic records. ) | : 
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1 mg. per kg.) or the drug was injected between the two sets of observa- 
tions, In these cases ek oe of observations (before and after) lasted 
2-24 hours. | 

As we were not interested in the phenomena observed at the limiting 
ranges of temperature, experiments were not pushed to the point of 
fatality (like those of Sheo-Nan-Cheer, 1928). 


RESULTs. 


Independently of the method used and the time needed for 3 or 
lowering the animal's temperature the results obtained appear to lie 
between two extreme types, the differenoe being governed by the degree 
a anesthesia under which the experiment was carried out. 
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88 84 35 86 37 38 89 40°C 
Fig. 2. 
‘Cat 3, 2-5ke. Full urethane natvosis. Warmed up by method (a). 
A to B, 3hr. 52 min. 


A. When the cats or guinea-pigs were deeply under the effect of the 
anesthetic, the heart and respiration rates changed in the same sense as 
the temperature along the whole course (see Fig. 1, guinea-pig 1). Cat 5 
and guinea-pig 3 conform nearly to this type but show a notch in the 
heart tracing. Occasionally the respiration only followed this type, while 
the heart rate conformed to the second type to be described (see Fig. 1, 
guinea-pig 3). In a general way, the experience gained under these 
circumstances coincides with that reported by hook an-Cheer [1928] 
in equally deeply anmsthetized dogs. 
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Sometimes at the highest temperatures at which we worked there was 
a 1 in the heart rate (Fig. 2); this was shown by the electrocardiogram 
to be due to the development of a nodal rhythm. 

B. the Others, not only 


260; 1 
240 
4220 
4000 +50 
180} f 181 
420 
31 39 38. 3d 35 36 37 38 39 40°C 
2 
450 
2180 
4160 130 
140 —20 
1 1 1 


81 37 38 34 35 86 87 88 89 40% 


Fig. 3. 
1. Cat 7, 1-9 kg. Light luminal narcosis. Cooled by method (b). 
A to B, 3 hr. 12 min. 


2. Cat 8, 2·3 kg. Light luminal narcosis. Cooled by method (b). 
A to B, 3hr. 18 min. 


in the way in which (a) their hearts and respitatory rates reacted to 
changes in their temperature, but (b) in other ways which shed some ne light 
on the physiological basis of the two types of reactions. 
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- spection of tracings from atropinized cats, Fig. 4, cats 9, 10 and 11, shows 


not alter the remarkably constant level at which respiratory rate rises 
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(a) Changes in the heart and respiratory rates following 
changes of body temperature. 
Cat 7 yields the extreme type in the other direction. The following 
stages may be recognized with regard to the pulse rate (see Fig. 3). 
(1) Below 33°C. the heart rate rises with the temperature rather 
rapidly. 
(2) Between 33° and 37° C. in which the heart rate is irregular but 
on the whole is considerably faster than between 37° and 39° C. 
(3) Above 39° C. the pulse usually rises (see cat 8, Fig. 3). 
The respiration rate more or less follows the pulse rate, the rise at 39° C. 
being often more marked, the breathing becoming rapid and shallow. 
The temperatures which limit the above “stages” differ in different 
animals and are tabulated below. 


Tam I. 
Periods of the heart - rate's variation 
Middle of regulatory 7 
up cal town changes Level of 
Observed 7 * — abrupt 
limits of Extreme Observed rise of 
2 variation of limits of ee the re- 
ra heart upper range of spiratory 
Experiment made per min.) °C 0. 
Warmed up Not observed 31•6-37˙2 153-185 38-6-43-5 38 ·6 
Cooled and then 32-26 39-32 156-192 41-39-5 39-0 
warmed up 26-32 32-39 ·6 140-170 38-6 
Cooled and then 31-28 39-31 190-158 39-41 39-4 
warmed up 28-31 31-376 170-197 37-6-41 39-2 
Cooled unatro- 34-5-29-3 34-5-38-4 158-208 38-4-40-2 38-8 
and 29-3-35 35-40 189-224 then rapid drop. 38-8 
atropinized 
before warm- from 40-2 
ing up | 
Cooled normal 31-4-25-4 31-440 146-200 * up 388 
Cooled norma! 326-31 40-32˙6 150-210 Not observed up 39-2 
* Atropinized. 


The above effects exhibited by the heart appear to be independent of 
the vagus, so far as the use of atropine can be taken as a guide, for in- 


they have the same general characteristics as those in Fig. 3. 
With relation to respiration, it will be equally seen that atropine did 


abruptly, neither anticipating nor retarding it. 
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Fig. 4 
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Cat 9, et 9, Dike. Ligh luminal narcosis. A before starting. First cooled 
scar ce From A to B, 1 hr. 54min. From B to C, 2 hr. 13 min. 
2. Cat 10,3-4kg. Light luminal narcosis. Cooled (3). From 


A to B, Ihr. 40min. From B to C, 2 hr. 33 min. 


3. Cat 11, 2-9 t luminal naroosis. First cooled and 


then warmed 
method b ers between the two sets at B. From A to B, 1 hr. 58 min. 
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by Cannon as sham rage and demonstrated by Bard to be related to the 
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We have said that the characteristic cardiac fluctuations between 
33° and 37° C. are not abolished by the blocking of the vagus. There is 
reason to connect them, however, with the action of the sympathetic 
system. In the first place Cannon observed that when cats were placed 
in a draught of cold air their pulse rate rose if the sympathetic was intact, 
while it did not do so if both chains of sympathetic ganglia were destroyed. 
Moreover, if cold water was put in the stomach, the pulse increased if the 
adrenals were active but not unless. 

In the second place the period during which the heart was liable to 
quicken as the animal was cooled coincided with the onset of shivering, 
and, if persisted in, with the general syndrome associated with sympa- 
thetic stimulation as shown below. 


(b) Other activities observed in slightly anesthetized cats. 

On lowering the temperature slightly below the normal the following 
reactions were observed: gnawing, thrusting, a rhythmic pulling, running 
and kicking movements of the limbs, also rhythmic movements of the 
fore limbs (40-80 per minute); ineffective dull attempts to escape, 
rhythmic protrusion of the tongue. These movements were not co- 
ordinated in any intelligent way, but they are of course those described 


integrity of the connections of the sympathetic system to the dien- 
cephalon. 
_ Particularly should mention be made of shivering, In their experi- 
ments on the lowering of temperature (in the cat) by injection of cold 
water into the stomach, Cannon and his colleagues found that loss of 
heat was induced shivering only when the adrenals were intact, and only 
then was there a considerable rise in pulse rate. Our own experiments 
confirm their results, and perhaps add something to them. When the 
temperature is lowered the onset of shivering and the rise of the pulse 
rate take place approximately nearly at the same temperature (see cats 
7-11), but usually the pulse rate rises at a slightly higher temperature 
than the onset of obvious shivering (cats 8, 9, 10). Cat 7 appears to be 
an exception. Here the shivering was observed at a higher temperature 
(37-6° C.) than the rise in the pulse rate 37° C. 

On the other hand when the temperature was reduced beyond the 
point at which the pulse rate was quickened (e.g. 32° C. in cat 9) shivering 
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CONCLUSIONS. 


1. In the range of temperatures between 25° and 41° C. in deeply 
anesthetized cats the pulse rate and . rate rise gradually with 
the temperature. 

2. In lightly anesthetized cats: 

(a) The same is true at low temperatures about 33 + 1:5° C. Between 
that temperature and 38-5 + 1-5° C. there is a region in which the rela- 
tion of the pulse rate to the temperature is irregular. There is often a fall 
of pulse rate as the temperature rises and vice versa. The respiration rate 
reacts frequently in the same way. 

(6) In the region between 38-5 + 1-5° and 41° C. the pulse rate rises 
with the temperature and the respiration rate rises very rapidly. 

(c) The irregularities of the pulse rate are not abolished by doses of 
atropine sufficient to paralyse the vagal nerve endings in the heart. 

_ (@) These irregularities are coincident with and are probably associ- 
ated with shivering and the general syndrome of “sham rage.” To that 
extent there is evidence of their being associated with the sympathetic 
supply of the heart. 
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THE EFFECT OF EXPOSURE TO COLD ON THE 
PULSE RATE AND RESPIRATION OF MAN. 


Bx J. BARCROFT anv F. VERZAR. 
(From the Marine Biological. Station, Woods Hole, Mass., and 
the Physiologische Anstalt, Basel.) 


OBSERVATIONS carried out by Izquierdo in collaboration with one of 
us [1931] indicated that whilst reduction of body temperature in cats 
caused a fall in the pulse rate when the cats were deeply under the in- 
fluence of a narcotic, the effect was often reversed when the animals were 
only lightly anesthetized. It might be expected that with no anmsthetic, 
were it practicable to carry out such experiments, the increase in the rate 
of heart beat when the body temperature is lowered just below the normal 
might be even more striking. 

Whilst such experiments would be very difficult of conduct in cats 
they are very simple in man; moreover the effect of lowered body tem- 
perature on the pulse rate of man qua man is itself of great interest. 


METHOD. 


Four experiments were carried out; two in the cold storage room 
of the Woods Hole Laboratory, the temperature of which was 3-4° C. 
The other confirmatory experiments were carried out at Basel where the 
string galvanometer was conveniently accessible for counting the pulse— 
a process not always easy when the patient is shivering. There a bed was 
placed with an ample supply of bed-clothes. Each experiment was divided 
into three periods. 

Period I, The subject of the experiment was naked and lay in comfort 
covered with the bed-clothes until his pulse became steady. 

Period II. The bed-clothes were then removed. He was exposed for 
about half an hour to the cold, his pulse rate and his rectal temperature 
being observed at frequent intervals. The occurrence of shivering was also 
noted. In the second of the Woods Hole experiments observations were 
also made with the Du Bois spirometer which registered the volume of 
each respiration and the total metabolic rate. 
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Period III, After a sufficient length of exposure the bed-clothes were 
replaced over the patient and the observations continued for a time. It 
had been our intention to proceed with this phase of the experiment until 
the temperature rose to its original reading, but this was not persisted in 
for the reason that the temperature showed so little inclination to rise 
once it had been forced down by even a small amount. A short calcula- 
tion would show that this is not surprising. The heat production of the 


temp. L. 

bedclothes 
naked, shivering * 


@naked, little or no x 
- @bedcloties after exposure 


An 
870 
AL 
4 
60 | G 
temp. absol. K 
Fig. 1. 


subject was of the order of 90 cal. per hour, his body weight 73 kg. 
Making allowance for the fact that a certain quantity of heat was lost 
through the evaporation from the lung, it will appear that about an hour’s 
heat production would be required to raise the temperature of the body 
1° C. even if no heat were lost from the body surface. 

The following is the protocol of Exp. 1. 

There are two general inferences from it, the first is that the 
increase in the pulse rate which takes place in exposure to cold—spas- 
modic and uneven—is associated with the existence of shivering and the 
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Time Rectal Pulse 
Am. temp. °F, rate 
9.26 Period I commences, Patient : ! 
undresses, lieg down, right 
arm free. Body and legs 
9.32 — 
9.35 79 
9.39 — — 76 
9.40 ‘ — — — 
— read. Ther. 98-7 
in rectum 6.30 
10.8 Thermometerread (9.58-10,)* 98.4 
10.13 Period II commences ee 
10.14 skin, shivering com. — 64 
10.19 Shivering legs and thorax 74 
10.19 Thermometer (10.9-10.19) 98-6 = 
10.30 Thermometer (10.20-10.30) 97-9 ta 
10.30 Stro ahivering arm, thorax, — — 
abdo bmen, feet  largel 
Shivering passes o A — — 
uite comfortabie, 
goose 
10.33 — — 60 
10.35 Occasional shivering, goose — 68 
akin more marked 
12 
10.45 Little shivering, speaks. Un. — 64 
easy 
Thermometer (38-48) 97.8 
. meter ‘ — 
10.32 Shivering returns (49-54) — 72 
10.54 — 97-8 0 
10.58 Period III commences 
. co 
10.56 he feels much worse — — 
11.3 Shivers again and worse than — — 
ore 
11.8 No shivering = 66 
ie Nails no more blue — — 
11.20 Thermometer (10-20) 97°7 — 
11.21 
11.24 Goes to own room, lies on table. — — 
11.30 Lies quiet 
11.37 — — 60 
11.42 — 62 
11.43 — — 62 
11.45 ( 97-6 — 
11.51 Thermometer (46-61 97:6 — 
2 The reading is placed on the tocol at the time that it was mado. 
brackets are those at whi 
1 mperatare Observed (as the tem was falling probably corresponds 
1 minute after the etal the ometer. 
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second that, apart from these attacks, there is a fundamental decline in 
pulse rate corresponding to the fall in temperature and represented 
roughly by the straight line in Fig. 1. This experiment and Exps, 2, 3 
and 4 which confirmed it, give a general support to the view held by 
Magnus and Liljestrand [1922] that shivering is closely associated 
with skin temperature. These authors adopted the ingenious plan of 
taking cold baths, in which the water on occasion contained a consider- 
able quantity of CO,. The CO, caused dilatation of the skin vessels and 
consequent maintenance of the skin temperature, and although the body 
temperature fell, shivering did not take place. 

In Exp. 1 the shivering was intense and continuous in period IT from 
10.14 to 10.32, and occasional for the rest of period IT, but of the last part 
of period II more must be said later. On the other hand, during period III 
when the skin was covered and relatively warm there was little shivering 
even though the body temperature did not rise. To revert to the latter 
part of period II. Both in Exps. 1 and 2 there was a moment (in Exp. 1 
at 10.32) when the mental outlook and the aspect of the subject under- 
went a remarkable alteration. Till that time, there had been acute con- 
sciousness of the cold, discomfort and flexing of the limbs, with, as men- 
tioned in this protocol, intense goose skin and shivering. Quite suddenly 
the limbs were extended, the shivering and the goose skin tended to dis- 
appear, the skin probably (though no skin temperatures were taken) 
became warmer and the patient experienced a sensation of pleasure which 
could here be described as “basking in the cold.“ 

Details of Exp. 2 are so similar to those of Exp. 1 that little need be 
said about it.save for the discussion of the spirometer records. These were 
taken continuously throughout the experiment up to the end of period II 
and at intervals in period III. 

Section III of the record is a fair sample of the type of respiration and 
metabolic rate in period I. Sections I and II are not reproduced, being 
essentially similar to section III. 

Section IV at the very commencement of period II shows little differ- 
ence from section III save that the respiration is somewhat more 


Section V shows the commencement of the onset of shivering respira- 
tory spasms. These rather give the impression of being caused by de- 
ficiency in the expiratory phase of respiration. The rate of respiration is 
not notably altered nor, apart from shivering fits at a and b, is the depth 
of inspiration increased, The considerable inflation of the chest is caused 
by either an inhibition of expiration or a cutting in of the next inspiration 


= 
. * 
k 
4 
‘ 
— 
2 
és 
7 
+s 
2 
8 
a 
2 
4g 
* 
2 
1 
2 
i 
* 
9 
* 


Beret 


TEMPERATURE AND HUMAN PULSE. 377 


before the expiration is complete, It is difficult to describe what takes 
place in words which do not seem to presuppose some theory of the 
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Fig. 2. Section of tracing of Du Bois spirometer. Ordinate rulings 2 mm. Abscissa; 
vertical lines = minutes. 1 mm. in 6 minutes on the diagonal=1 calorie per hour. 


causation of the respiratory rhythm, but it is our express intention not 
to postulate any theory. 
Section VI shows much larger inspiratory spasms (a, ö and c). The 
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comparison of these spasms is interesting, as showing the degree to which 
the inspirations are built upon one another. 
These inspiratory spasms present a similarity, superficially at all 
events, to the apneuses of Lumsden [1923] and are even more like some 
of the phenomena obtained by Taylor [1930] in HCN poisoning. 
Sections VII-IX show the period at which the sh?vering rigors were 
most strongly established. The metabolic rate so far as it could be measured 
was increased and variable, the pulse was also varied between 64 and 80, 
having been 66 at the end of period I. Section X was immediately after 
the “basking” phase commenced. The pulse (64-59) had now dropped 
below that in period I. The respiration has become quiet with only slight 
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and occasional irregularities. The metabolic rate (again so far as it 
could be measured) had fallen at least as low as, if not lower than in 
period I. 

Sections [X and XII are 3 and 25 minutes respectively after the bed- 
clothes had been replaced on the subject. There was no appreciable rise 
in the body temperature, and 23 minutes after section XII it had only 
risen in 1/10 C. Yet in record XI there is only the merest suggestion of 
shivering, and in record XII there is only a slightirregularity in the respira- 
tion with a little stop at the close of two inspirations. The pulse during 
the later part of period III varied between 62 and 66. 

The following additional data may be — with regard to the respira- 
tion in the above experiment. 
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380 
Section of Respirations Calories 
record Period per min. per hour Remarks 
III 1 13 91 Rest 
IV 13 94 
VI II 15-11* 106 Cold* 
va II 8-12 159 Shivering 
VIII II 135 ” 
IX * i 8* 146 ” 
x III 13 92 Skin warm 
XI III 10-13 111 pe 
XII III 13 114 1 
Means rigors. 


The effect of shivering was to raise the heat production from 50 to 
75 p. o. 

‘The Exps. 3 and 4 on students confirmed the results obtained on the 
pulse and the psychology, indeed the effect on the pulse was greater in 
the case of the students than of the subject (J.B.) of Exps. 1 and 2. In 
Exp. 3 the pulse rose from an average value of 82:5 to a maximal value 
of 98 (dropping when the clothes were replaced to 81-5) and in Exp. 4 


from 70 to a maximum of 98 during the period of respiratory spasms, and 


falling back to 68, 68, 72. 
CoNCLUSIONS. 


1, Apart from spasmodic rises in the pulse rate associated with shiver- 


ing, the pulse rate in man falls with fall of body temperature. 

2. The spasmodic rises associated with shivering may amount to 
40 p.c. of the original pulse rate. 

3. The respiration shows marked summation of inspiratory move- 


ments during the rigors which had very deep and sustained inspirations. 


4. The oxygen consumption increases during the shivering fits by 
as much as 75 p.c. of its value during rest. 


We have to thank the authorities at Woods Hole Marine Station for 
the hospitality extended to us, and in particular Dr W. E. Garrey for 
his kindness in helping us with the observations. 
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THE INFLUENCE OF INCREASE OF URETER 
PRESSURE ON THE ISOLATED 
MAMMALIAN KIDNEY. 


By F. R. WINTON (Beit Memorial Research Fellow). 


Crom the Department of Pharmacology, University College, London.) 


Introduction. 


THE consequences of increasing the ureter pressure have been adduced 
as important evidence in support of several incompatible theories of renal 
secretion, but there has been no good agreement among different ob- 
servers as to what these consequences are, or how they should be inter- 
preted. 
Ludwig [1861] regarded a retardation of urine flow as the character- 
istic result of increasing the ureter pressure, and attributed it to a re- 
duction of the filtration pressure in the glomerulus produced by damming 
back of the fluid in the tubules. Heidenhain [1883] questioned this 
interpretation on the grounds that the hypothesis of reabsorption in the 
tubules implied that only a small fraction of the glomerular filtrate 
reached the ureter, the pressure of which might be independent of that 
in the glomerulus. Cushny [1902] went further and rejected Lud wig's 
hypothesis as incredible, preferring to believe that “if the resistance to 
the escape into the ureter be increased, the natural result is that more of 
the fluid is deflected from this route.” This was apparently an à priori 
assumption, for Cushny’s own observations on the changes of composi- 
tion of the urine due to increased ureter pressure can be accounted for as 
satisfactorily by Lud wig's hypothesis of a reduced rate of glomerular 
filtration, as by his own, of an increased rate of tubular reabsorption. 
Brodie and Cullis [1906] considered Cushny’s objections to Lud- 
wig's hypothesis unsound; they went so far as to assert that the increase 
of ureter pressure is transmitted at once to the capsule of the glomeru- 
lus, and raises the pressure there by an amount equal to that induced in 
the ureter.” Quite so simple a relation between ureter pressure and 


capsular pressure is, however, unlikely, for a reduction in urine flow will 


presumably reduce the pressure differences across the glomerular mem- 
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inherent improbability of Cushny’s view that obstruction of the outflow 
of urine greatly accelerates the reabsorption in the tubules. They de- 
scribed, for example, an experiment in which an increase of ureter pressure 
of only 14-7 mm. Hg achieved a reduction of the urine flow, together with 
an increase of its sulphate content from a value corresponding with an 
osmotic pressure of 4710 mm, to one corresponding with 7430 mm. The 
disproportion between the difference of hydrostatic pressure of 14.7 mm. 
Hg in the control and obstructed kidneys, and the resulting difference of 


osmotic pressure of 2720 mm. Hg in the urines secreted by them, is 


evident. 

Lud wig’s hypothesis might, therefore, have been rehabilitated if the 
same authors had not shown that in decerebrate dogs, in the absence of 
anesthetics, a small increase of ureter pressure often temporarily in- 
creases the urine flow instead of diminishing it. Moreover, the absolute 
amounts of sulphate excreted in a given time are often increased instead 
of diminished by a rise in ureter pressure. Neither of these results can be 


ascribed to a reduction of the filtration pressure in the glomerulus. These 


authors, therefore, rejected Ludwig’s hypothesis, and, embracing a 
belief in secretory mechanisms in both the glomeruli and the tubules, 
concluded that the cells were first stimulated and later fatigued by secret- 
ing against an abnormal resistance; in the presence of poisons, such as 
anesthetics, only the phase of fatigue (7.e. reduction of urine flow) was 
manifest. Cushny attributed this increased secretion to a reflex stimula- 
anesthetics. 

In the present enquiry the effects of increase of ureter pressure have 
been re-examined in conditions which differ from those previously 
adopted, essentially in excluding general reflex activity, and in facilitating 
accurate control and variation of the arterial pressure. If Lud wig's 
hypothesis be valid, the results on the composition of the urine should be 
exactly the same, whether the urine flow be retarded by decrease of 
arterial pressure or by increase of ureter pressure, so long as the reduction 
in flow is the same in both cases. The following experiments demonstrate 
just such a relation, and render untenable both the hypothesis of Cushny 


and that of Brodie and Cullis, so far as the reactions of the isolated 
mammalian kidney are concerned. : 


Technique. 
A pair of kidneys was removed from a dog and perfused by means of 
a heart-lung preparation as described by Verney [1929]. The pressure in 


on induced by dilatation of the ureter, the reflex being abolished by 
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the brachio-cephalic artery was recorded on a scale, adjusted to allow for 
the difference of hydrostatic pressure between this point and the higher 
level of the renal artery; changes in the renal arterial pressure could fairly 
be measured in this way, since no wide variations in the renal blood flow 
were encountered in any one experiment, and consequently errors due to 
changes in the viscous resistance in the tubes of the apparatus were 
negligible. 

The pressure in one renal artery could be reduced below that in the 
other by tightening a screw clip on the rubber tube attached to its can- 
nula, and this reduction of pressure was measured by a differential 
mercury manometer interposed between the renal arterial cannule. 

The perfusion fluid was defibrinated blood, to which 1} g. urea were 
added at the beginning of each experiment, when the volume of the fluid 
in the circulation was about 800c.c. The rate of the perfusion flow 
through the kidney was measured by timing the interval needed to 
collect 50 c.c. of fluid emerging from the renal vein. Temperatures in the 
renal arterial cannule varied from 36-5° to 38° C. in different experiments, 
but were maintained within 0-5° C. in any one experiment. 

The ureter pressure could be controlled by taking a suitable length of 
cycle valve tubing, connecting one end to the ureter cannula, and con- 
necting the other end to an inverted U-shaped glass tube which could be 
raised and lowered by a rack and pinion arrangement. The two glass 
tubes, so attached to the two ureter cannulw, were ground to deliver 
drops of the same size, so that inequality of the rates of flow through the 
tubes could be quickly detected by timing the drops. 

The course of a typical experiment was as follows: (1) the heart-lung 
circulation was made; (2) the kidneys taken from another dog were con- 
nected to this circulation; (3) a period was allowed to elapse until the 
urine flows were no longer changing progressively with time; in favourable 
experiments the urine was then secreted at equal rates by the two kidneys; 
(4) samples of urine were collected for analysis under these conditions of 
equality of pressure; (5) the ureter pressure was raised in one kidney to 
a height which reduced the urine flow to about one-half its former value; 
the arterial pressure of the other kidney was then reduced until the rates 
of urine flow again became equal; (6) after about 3 0. c. of urine had flowed 
the composition reached a steady value, and the samples for analysis 
were collected under these unequal conditions of unequal pressure; (7) if 
the preparation was then still in a favourable condition, the pressures 
were returned to their initial values, and further samples of urine were 
collected, secreted under equal conditions of pressure. 
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About 3 c.c. of urine were collected at a time in graduated test - tubes. 
The urea content was subsequently estimated by the urease method, and 


the chloride content by that of Millard Smith [1921]. A statistical 
analysis of the compositions of the urines so obtained would have been 


desirable, had it been possible to present a number of experiments 

sufficient to necessitate or justify this procedure. The proportion of 

favourable experiments, in which the kidneys secreted and continued to 

secrete urine at the same rate and of the same composition, was not so 

high, however, that each recorded experiment did not involve a ee 
considerable expenditure both of time and material. 


„ 

Although the present series of experiments was not designed particu- 
larly to demonstrate the exact relation between ureter pressure and urine 
flow, three observations in this connection may be placed on record, as 
they have a bearing on a subsequent series of experiments. First, the 
ureter pressure may often be increased some 10 mm. Hg or so, without 
a noticeable diminution of urine flow; further increase, however, pro- 
duces a rapid decline in the rate of flow, and the pressure needed to reduce 
the flow to one-half of its initial value is usually only 4 to 5 mm. less than 
that which just suffices to abolish the flow. Secondly, the range of ureter 
pressure which corresponds with this steep decline of urine flow is shifted 
by changes in arterial pressure; in these circumstances, therefore, a small 
variation in arterial pressure will produce an abnormally large variation 
in urine flow. Thirdly, after a change of pressure, there is a delay of some 
minutes before the corresponding steady rate of urine flow can be mea- 
sured. A rise of ureter pressure, for example, results in dilatation of the 
tubules and pelvis of the kidney, and about 3 c. c. of urine is needed to 
occupy this extra space, so that the urine flow at first seems abnormally 
slow for the particular pressure chosen. A sudden reduction in ureter 
pressure, on the other hand, is followed for some minutes by a urine flow 
in excess of the steady value; the fact that the excess urine retained in 
the kidney since the ureter pressure was raised is not immediately dis- 
charged when the pressure is lowered shows that viscous-elastic and not 
pure elastic forces are concerned in the pressure exerted by the kidney on 
the urine within it. These three considerations lay the conclusions de- 


rived from certain of the classical experiments e on increased ureter 
pressure open to doubt. 
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The effect of rise of ureter pressure on the concentration of urea in the urine. 
A reduction of the rate of urine flow produced either by increase of 
ureter pressure, or by a decrease of arterial pressure, will produce either 
an increase in urea concentration, or a diminution of the rate of fall of 
concentration which occurs spontaneously in certain experiments, 

The immediate purpose of this series of experiments was to compare 
the effects on the urea concentration of a rise in ureter pressure with those 
of a fall in arterial pressure, when these changes had been adjusted to 
secure equal reductions in the rate of urine flow. The results of the 
successful experiments are indicated in Table I. 

It is evident from these experiments that there is no significant differ- 
ence between the effects on the urea secretion produced by (1) a rise in 
ureter pressure, and (2) a fallin arterial pressure, if the two pressure 
changes are adjusted to reduce the urine flows equally. How great a 
systematic difference between the effects of ureter pressure and of arterial 
pressure on urea concentration could escape detection by these experi- 
ments may be estimated by a statistical comparison between them and 
the experiments on pairs of kidneys under identical conditions, described 
by Canny, Verney and Winton [1930]. The difference of 1 or 2 p. o., 
suggested by the above-mentioned consideration of the osmotic and hydro- 
static pressures in the tubules, would pass unnoticed. 


The effect of rise of ureter pressure on the concentration 
f chlorides in the urine. 


The same experiments served for a comparison of the effects of changes 
in the ureter and arterial pressures on the urea and chloride concentrations 
in the urine, The influences on the chloride concentration are shown in 
Table I. 

It will be seen that the two contrasted pressure changes have intro- 
duced no greater divergences in the composition of the urines secreted 
under their influence than might have been expected if both kidneys had 
been maintained under exactly parallel conditions. In these, as in the 
experiments of Canny, Verney and Winton, the parallelism of the 
chloride concentrations is quantitatively less exact than the correspond- 
ing values for the urea concentrations. It may be noted, however, that 
even a change in the composition of the perfusion fluid while the pressure 
conditions were unequal, for example the addition of pituitary extract 
in Exps. 2 and 5, is ineffective in revealing a difference in the — 

of the two kidneys under the two sets of conditions. | 
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Tann I. The urea concentration (mg. per 100 0. o.) and chloride 


i 
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a series of heart-lung-double-kidney experiments, before and after 


figures represents the secretion of the kidney subjected to increase of ureter pressure; 


the lower figure represents the other kidney which is 


subjected to a reduction in arterial pressure, sufficient in amount to reduce the urine flow to a like degree. 


Reduced 
flow 
c./10 min 
18 
18° 

4-5* 
4-5* 

40 
3-7 
0-5 
0-5 
8-3 


Urea concentration 


1710 1380 


1060 PI 1340 


3-7 


328 
348 
76 544 780 
166 590 810 9-2 
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P, N, and C, represent additions of pituitary extract, sodium sulphate, and caffeine, respectively. PI represents the beginning of a constant 


infusion of pituitary extract. 
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The effect of increase of ureter pressure on the perfusion 
flow through the kidney. 
The values of the blood flow through the kidneys under various con- 
ditions in these experiments are given in Table II. No definite influence 


Taste II. The rates of perfusion (c.c. per min.) through a pair of kidneys in a series of 
heart-lung-double-kidney experiments, before and after application of increased ureter 
pressure to the one (upper figures), and reduced arterial pressure to the other 


Initial Rates of blood flow | 
Under th Under unequal Pressure ce 
pressure e same uneg on 
Exp. (mm. Hg) conditions of conditions of flow 
pressure (mm. Hg) (0.0. min.) 
ee 124 91 92 92 90 88 +16 +15 
| 78 80 78 175 75 17 ＋3˙0 
2 154 8⁴ 100 106 113 106 715 22-0 
86 100 98 103 102 20 ~15-0 
4 128 137 136 een 230 
137 135 137 137 139 -5 20 
6 130 124 132 126 120 113 +18 +80 
119 126 118 113 107 —14 ＋9˙5 
7 128 113 117 ie: +20 +20 
109 110 107 —12 +25 
9 118 88 91 88 +20 -15 
88 88 87 —18 ＋0˙5 
10 114 79 107 118 118 +14 — 25-0 
87 110 124 125 -8 ~26-0 
11 128 98 102 +20 4.0 
98 99 —11 —1˙0 


of increased ureter pressure on the blood flow can be inferred, and this is 


in agreement with the findings of various observers on the innervated 


kidney, in which the perfusion flow is likewise independent of the ureter 
pressure within the range here considered. The reduction of flow due to 
fall in the arterial pressure is shown in the same table, and it may be noted 
that this change of blood flow is much less than might have been expected 
if it had been proportional to the change in the head of pressure. 

We may conclude from these experiments that the composition of the 
urine is equally affected by increase of ureter pressure and by decrease of 
arterial pressure, when the values of these pressures are such that they 


retard the urine flow equally. This generalization from the results of 
analyses of the urea and chloride contents is probably justified, since the 


4 
A* 
~ 
st 
* 2 
ald 
2 
a 
7 
4 
vad 
a 
if 
or. 
* 
* 
7 ** 


388 F. R. WINTON. 


mechanisms of excretion of these two substances are undoubtedly differ- 
ent; if the two agents under discussion produced urines of different com- 
position, one or other of these mechanisms would almost certainly be 
concerned in the difference. ; 

Even the more circumscribed conclusion, that the urea and chloride 
contents are equal at equally reduced rates of urine flow, is incompatible 
with the theories of the action of pressure in the ureter which attribute 
its influence to an increase or decrease of the activity of the tubular 
epithelium. For, it is generally conceded that at least the bulk of the 


water which ultimately reaches the ureter has been separated from the 


blood in Bowman’s capsule. It may safely be assumed, further, that the 
variation in the rate of urine flow with arterial pressure is primarily due 
to a change in the rate of production of this capsular fluid. It is not 
necessary for our purpose to make any assumptions about the quantity 
or composition of the capsular fluid which would involve a decision 
between the hypotheses of filtration and secretion in the glomerulus. 

The intracapsular fluid must now be supposed to pass along the 
tubules, and there to undergo some modification in the concentration of 
its constituents. Again, it is unnecessary, for our purpose, to decide 
between “secretory” and “reabsorption” hypotheses of tubular activity. 
The equality of the amounts of water, urea, and chloride, excreted when 
suitable equivalent yalues of ureter-pressure increase and arterial- 
pressure decrease are applied, however great or small the consequent re- 
duction of urine flow may be, is sufficient to necessitate the conclusion 
that equal amounts of intracapsular fluid are produced and subsequently 
equally modified by the tubules, under the two sets of conditions, so long 
as one may assume (1) that the laws governing the changes of concentra- 
tion in the glomerulus and tubule, respectively, are different, and (2) that 
if fluid, exactly equal in composition to the capsular fluid, passes into or 
out of the tubules, it does so in equal amounts under the two sets of 
conditions. 

The rate of production of the intracapsular fluid must be supposed to 
be a continuous function, though not necessarily a linear function, of the 
difference of pressure between the two sides of the glomerular membrane, 
so that when the rates of production of the intracapsular fluid are equal 
under the two sets of conditions, the pressure differences across the 
glomerular membrane are equal. Moreover, the pressure difference be- 
tween the capsule and the ureter is presumably the same in circumstances 
in which equal quantities of capsular fluid pass along and are equally 
modified in the tubules. Hence the pressure difference between the blood 
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in the glomerular capillaries and the urine in the ureter should be the same 
whether a particular reduction of urine flow has been brought about by 
inerease of ureter pressure or by decrease of arterial pressure. 

This conclusion has the important practical consequence that it 
renders changes in the glomerular pressure accessible to measurement. 
The action on the glomerular pressure of changes in the arterial pressure, 
and of certain drugs which are known not to influence the activity of the 
tubules, can thus be expressed quantitatively in terms of the variation 
of the ureter pressure which, when simultaneously applied, will keep the 


ate of urine flow constant. Diuretics and other drugs which have been 


supposed to influence the “permeability” of the glomerular membrane, 
may be submitted to the quantitative test of how great a ureter pressure 
will suffice to neutralize their action. Again, the plasma proteins, which 
are generally believed to exert an osmotic pressure retarding glomerular 


_ filtration, may be diluted, and the resulting increase in ureter pressure, 


needed to prevent increase in urine flow, compared with the theoretical 
change in the filtration pressure. 

An error which may introduce inaccuracy into such interpretations of 
ureter pressures is due to the dilatation of the tubules accompanying an 
increase in pressure in their lumen. This would result in a reduction in the 
pressure gradient down the tubule, and consequently an over-estimate of 
the change of glomerular pressure, when measured in terms of the change 
in ureter pressure needed to maintain an unchanged urine flow. The esti- 
mation of this systematic error will be considered in a future paper; 
preliminary observations have suggested that it may be of the order of 
10 p.c. 

The suggestion of Brodie and Cullis [1906] that the whole of an 
increase of ureter pressure is transmitted forthwith to the capsule is 
unlikely; for, a reduction of the urine flow will entail a reduction in the 
pressure difference between the capsule and the ureter. The increase in 
intra-capsular pressure will therefore be less than the increase in ureter 
pressure by some unknown amount, varying with the degree of reduction 


in the urine flow. Moreover, the decrease in glomerular pressure which 


accompanies a decrease in arterial pressure, equivalent to the increase in 
ureter pressure in its effects on the urine flow, will be smaller than the 
change in arterial pressure, by some unknown and variable amount. 


Hence the rather varied relations between the magnitudes of equivalent 


ureter pressure and arterial pressure changes which are recorded in 
Table I. 
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SuMMARY. 


1. The influence of increase of ureter pressure has been studied by 
comparing its effects on one kidney with those of a decrease in arterial 
pressure of a second kidney, in experiments in which both kidneys were 
isolated and perfused with defibrinated blood from the same heart-lung 
circulation, and in which both secreted urine of approximately the same 
composition and at the same rate under the same initial conditions. 

2. When the rates of urine flow are thus reduced equally in the two 
kidneys, the changes in the urea and chloride contents of the urines are 
also equal. 

3. No regular change in the blood flow through the isolated kidney 
was detected as a result of increase of the ureter pressure up to a value 
(e. g. 20 mm. Hg) needed almost to abolish the flow of urine. 7 

4. It is inferred that an increase of ureter pressure increases the pres- 
sure of the fluid in Bowman’s capsule, and so retards the rate of pro- 
duction of the intra-capsular fluid. No direct influence on the activity of 
the tubular epithelium has been detected. The applications of this hypo- 
thesis to the measurement of changes in the glomerular pressure, the 
permeability of the glomerular membrane, and the effective osmotic 
pressure of the plasma proteins, are indicated. 


My thanks and acknowledgments are due to Prof. E. B. Verney, for 
his generous help and advice during the course of these experiments. 
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THE EFFECT OF EVIScRRATION ON THE 
RESPIRATORY METABOLISM OF THE 
DECEREBRATE PREPARATION. 


By I. A. ANDERSON, R. A. CLEGHORN, 
J. J. R. MACLEOD anv J. M. PETERSON. 


From the Department of Physiology, The University, Aberdeen.) 


A PRELIMINARY examination of the decerebrate eviscerate cat has been 

made with a view to investigating some of the problems of carbohydrate. 
metabolism, and it is hoped that for this purpose it may prove more suit- 

able than the spinal eviscerate preparation. Results obtained with the 
spinal preparation are open to the criticism that they may be dependent. 
to an indeterminate extent upon the nature of the artificial pulmonary 

ventilation, and upon the abnormally low blood-pressure and presumably 
poor circulation. The accurate adjustment of artificial ventilation to the 
-altering respiratory needs of the preparation would appear to offer at the 

moment an unsurmountable difficulty which does not arise with the 
decerebrate preparation. The decerebrate non-eviscerate cat was first 
examined, and later compared with the decerebrate eviscerate prepara- 

tion. | 

Method. After fasting for at least 12 hours the cat was rapidly 

anesthetized with ether, a Y-shaped tracheal cannula inserted and the 

common carotid arteries tied. Decerebration was performed by trephining 
the skull and removing the brain above a line of section across the middle 

of the superior corpora quadrigemina. The time elapsing from the be- 

ginning of anesthesia till decerebration was effected was usually about 

15 minutes. No aseptic precautions were taken. A thermometer was 

inserted under the skin at the axilla and the preparation allowed to rest 
lying on its side. About 45 minutes after decerebration it was placed on 
its back and, while lying quietly in this position, cannule for the recording 
of blood-pressure and for withdrawal of blood were inserted into the left 
and right common carotid arteries respectively. If any fluid was to be 
infused the cannula of a constant infusion pump was inserted in the right 
external jugular vein. Small Pearce valves made from the gut of the 
rabbit were fitted to the branches of the Y-shaped tracheal cannula. The 
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size of these branches was adjusted approximately to the natural respir- 
atory dead space. 

Evisceration. In a number of experiments evisceration was performed 

after two analysis periods had been completed (4 hours after decerebra- 
tion), and in later experiments evisceration was performed 1} hours after 
decerebration (half an hour before analysis was begun). Evisceration 
was rapidly effected by placing artery forceps on the superior and inferior 
mesenteric arteries, on the coeliac axis, on the portal vein, hepatic artery 
and bile duct and on the lower ends of the cesophagus and colon. These 
were replaced by ligatures, and the stomach, intestines, spleen and pan- 
creas removed, leaving the liver with the hepatic artery, portal vein and 
bile duct tied but open to the inferior vena cava through the hepatic — 
veins. The kidneys and adrenals were left with their circulation intact. 
In order to give support to the diaphragm, the abdomen, after eviscera- 
tion, was lightly packed with cotton-wool wetted with warm saline. 

Temperature. The preparation was kept warm on a metal top table 
with electric lamps and woollen cloths, by which means its temperature, 
recorded to ; C., was carefully and easily controlled. 

Blood-pressure. The blood-pressure was recorded at intervals by means 
of a mercury manometer, 2 p. o. aqueous sodium citrate solution being 
used as an intermediate fluid. For this latter purpose sodium bicarbonate 

solution was avoided, as it was discovered in an early experiment that, 
with a falling blood-pressure, the CO, concentration of the — was 
markedly altered by diffusion of the manometer fluid. | : 

Glucose infusion. In certain experiments an aqueous 8 of 
glucose was infused. This was done by means of a constant infusion pump 
driven by an electric motor through a calibrated Palmer variable gear, 
by which means the glucose solution could be easily and accurately 
infused at a given rate per kg. of body Weight. 

Air analysis. The preparation was allowed to breathe the room air 
and to expire into a specially light Douglas bag of 20 litres capacity, 
fitted directly over the expiratory valve by means of a rubber stopper. At 

intervals of 1 hour samples of expired air were collected during periods of 
half-hour duration, except occasionally late in the experiment, when the 
preparation exhibited hyperpnœa and the collection period had in con- 
sequence to be shortened. The expired air samples were analysed im- 
mediately in duplicate with the Wishart-Haldane apparatus, being 
transferred directly from the bag to the burette of the apparatus after 
mixing. The room air, analysed at the beginning and end of e eee 
periods, showed no significant alteration in composition. 
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Blood analysis. Arterial blood was withdrawn during each air samp- 
ling period. This was done by means of a three-piece, all-glass syringe, 
having a measured and negligibly small nozzle capacity. All air from this 
nozzle space and from the needle was displaced by a saturated aqueous 
solution of sodium citrate, and the blood sample taken by passing the 
needle down to the lumen of the carotid artery through the wall of a 
closed rubber tube fitted to the cannula and containing 2 p. c. sodium 
citrate solution. The blood was allowed to flow into the syringe under its 
own pressure. 

In earlier experiments, 1-75 c.c. of blood were taken at each sampling 
period, and in later experiments this volume was reduced to 1 c. c. 

The blood CO, content was determined with the Van Slyke-Neill 
manometric apparatus, using whole blood in Spa, toutes samples of 0-2 0. o. 
measured over mercury. 

The blood lactic acid was 8 by a modification of the method 
of Friedmann, Cotonio and Shatter, 1 c. o. and, in later experiments, 
0.8 cc. of blood being used i. 

The blood sugar content was ascertained by the Hagedorn-J ensen 
method, using 0-15 b. 0. of blood. The accuracy of the results using these 
quantities of blood was adequately checked. 

In a small number of experiments in which glucose was infused the 
hemoglobin percentage was determined at the beginning and end of the 
period. 

Resvtts. 

1. The decerebrate non-eviscsrale preparation. Except i in a few in- 
stances the non-eviscerate preparation showed a fairly steady metabolic 
rate for a period of 8 or 10 hours with hourly withdrawal of blood. As no 
aseptic precautions were taken in operating, the preparation did not live 
beyond the second day. 

The blood-pressure in almost every instance was practically constant 
for a period of 4-6 hours after decerebration. In a few instances it showed 
no serious fall during a post-decerebration period of 8-10 hours, and when 
blood withdrawal was reduced to a minimum, a high blood-pressure was 
maintained for 24 hours. No deductions have been made from results 
obtained with non-eviscerate preparations showing a blood-pressure of 
less than 70 mm. of mercury. 

The oxygen consumption per kg. body weight varied to some slight 
extent from animal to animal, but for cats weighing about 2 kg. when 


1 Any error due to the presence of citrate in the blood is constant throughout the 
experiments. 
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the body temperature was maintained at 36-5° C. it had for the experi- 
mental period of 8-10 hours a fairly constant value, usually about 3600. c. 
per kg. per hour. Values in the vicinity of 400 0.0. per kg. per hour were 
frequently obtained when the temperature rose to 37-38“. 

The R. O. was steady at a value between 0-7 and 0-8. Temporary fluc- 
tuations were obtained with changes in body temperature and minute 
volume of expired air. 

The minute volume of expired air of cats of about 2 kg. had an average 
value of somewhat less than 190c.c. per kg. body weight when the 
‘temperature was 36° to 37° C. ; 
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Fig. 1. Experiment 46. 


The blood lactic and blood CO, concentrations changed but little 
with values in the vicinity of 30 to 60 mg. p.c. and 30 to 45 vol. p.c. 
respectively, the lactic acid concentration tending to rise progressively 
to the higher value, and CO, to fall to the lower. 

In four experiments in which the blood sugar concentration of the 
non-eviscerate preparation was estimated it was found to be high im- 
mediately following decerebration. In three it continued to rise and later 
fell, as has been observed by other workers. At no time did it return to the 
normal blood sugar level, the lowest value recorded being 253 mg. p.c. 
9 hours after decerebration. 

The results of a typical experiment are shown in Fig. 1. 

2. The decerebrate eviscerate preparation. The life of the decerebrate 
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of the preparation is associated with a progressive increase in the lactic 


of liver function is in agreement with the findings of Kilborn, Soskin 
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eviscerate cat was found to be shorter than that of the non-eviscerate 
preparation. This is not to be attributed to loss of blood during the opera- 
tion, which is negligible, It is due, we believe, mainly to the effect of 
virtual removal of the liver from the circulation. The earlier deterioration 


acid concentration and a fall in the CO, concentration of the blood. Our 
belief that this increased lactic acid concentration ie due to the removal 


and Thomas [1928], Cori and Cori [1929] and others. 
From an examination of the lactic acid concentration of the blood 
immediately before and after evisceration, and in eviscerate preparations 
in which muscles have been dissected for the estimation of glycogen, it 
would appear that operative treatment per se may cause a considerable 
am. p.m. 


Fig. 2. Experiment 34. 
lactio acid production. Coincident with the operation of evisceration the 
lactic acid concentration of the blood showed a sudden rapid increase 
which was followed by a much slower increase (Fig. 2, Exp. 34). 

In order to have the blood lactic acid concentration as low as possible 
at the time of evisceration we have made a practice of allowing 1} hours 
to elapse between the operations of decerebration and evisceration. The 
rationale of this procedure is based on the grounds that the liver plays 
a part in the removal of the lactic acid which is produced by ether 
anesthesia (Hinsey and Davenport, 1929) and the operation of de- 
cerebration. Even in the absence of any operative treatment other than 
the withdrawal of blood at the rate of 1-75 c.c. per hour, the blood of the 
decerebrate cat showed, after evisceration, a progressive increase in lactic 
acid and a proportionate fall in CO, concentration, neither of which was 
shown to the same degree in the non-eviscerate preparation. In two ex- 
periments only was there any exception to this. In Exps. 39 and 42 a 
very slight fall in lactic acid concentration and a concurrent rise in CO, 
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concentration occurred for a short period following evisceration. This 
was followed by a progressive lactic acid increase and CO, fall. 

_. The rise in blood lactic acid concentration following evisceration did 
not occur at the same rate in all preparations. In some instances it was 
very rapid (Fig. 5, Exp. 31). Usually, following the initial rapid rise o- 
incident with the operation, successive blood samples showed a rise of 
7-8 mg. p.c. per hour with a concurrent proportional fall in blood CO, 
concentration. Roughly, the latter fell about 1 vol. p. o. for each 6 mg. p. o. 
increase in lactic acid. This slower rise continued until the blood lactic 
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Fig. 3. Experiment 33. 


acid reached a concentration of about 80 mg. p.c., the blood CO, being 
then about 25-30 vol. p.c., after which, as a rule, the rise of lactic acid 
and the fall of CO, content of the blood became much more rapid (Fig. 2). 

Up to this “break point,” which occurred within 5 hours of eviscera- 
tion, the oxygen consumption, the minute volume of expired air and the 
B. O., as @ rule, showed no very rapid changes, after discounting any 
temporary disturbance in these values immediately following the opera- 
tion. Beyond this point they were no longer steady. Almost without ex- 
ception, associated with a rapidly rising blood lactic acid concentration 
and falling blood CO, concentration, the minute volume of expired air, 
oxygen consumption and R. d. became greatly heightened (Fig. 3, Exp. 33). 
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The blood-pressure, although not affected immediately by eviscera- 
tion, showed a greater tendency to fall than in the non-eviscerate pre- 
paration. This fall was, however, not severe until the “break point” was 
reached, when it became much more rapid. The blood-pressure in the 

_eviscerate preparations was as a rule between 90 and 100 mm., and 
in one or two instances even 120 to 140 mm., of mercury at the “break 
point.” Prior to the “break point” blood-pressures below 80 mm. of 
mercury have not occurred, and records after the “break point” have 
been stopped when a blood-pressure of 40 mm. of mercury was reached. 

When glucose was administered, a 4 p.c. solution was infused usually 
at the rate of 2 0. o. per kg. body weight per hour plus a volume equal to 
the volume of blood withdrawn (1 c. C. or 1-75 0. o. per hour). In Exp. 39, 
in which a 2-5 p.c. glucose solution was infused at the much higher rate 
of 5:2 0.0. per kg. per hour, the blood-pressure rose somewhat. 

The oxygen consumption per hour for cats weighing about 2 kg. at 
a body temperature of 36-5° C. had an average value in the vicinity of 
245 0.0. per kg. of the eviscerated preparation. This value varied con- 
siderably with changes in body temperature and pulmonary ventilation 
and an average taken from a larger number of experiments, irrespective 
of body weight and temperature, is approximately 270 c.c. per kg. of 
eviscerate preparation. In the more stable preparations the oxygen con- 
sumption usually approximated the lower value. For instance, in Exp. 42 
for a post-evisceration period of 6 hours with hourly analysis, maximum 
and minimum values of oxygen consumption per kg. per hour of 
269 c.c. and 249 c.c. respectively were obtained. Here the blood lactic 
acid concentration had risen to only 76 mg. p.c. 5} hours after eviscer- 
ation. 

Beyond the break point the oxidation rate greatly increased, rising 
in some instances to over 400 c.c. per kg. of eviscerated preparation per 
hour. That this terminal rise in oxygen consumption was due to increased 
movements of respiration is suggested by the similarity of curves of O, 
consumption and minute volume of expired air. In the instance of Exp. 39 
(Fig. 4) these values ran almost exactly parallel. 

From our figures for the oxygen consumption of a 2 kg. cat with body 
temperature of 36:5° C., we have calculated the oxygen consumed per 
hour by 1 kg. of muscle sod of abdominal viscera respectively, assuming 
that the oxidation rate of the muscles was not altered by the removal of the 
viscera, and attributing to muscle any oxygen consumed by the remaining 
tissues other than muscle. For this purpose we have taken the combined 
weight of the liver, spleen, pancreas, stomach and intestines as 10 p.c. of 
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the total weight of the cat, a figure which our experimental data show to 
be approximately correct. The muscles we have taken as constituting 
1 44 p. C. of the total weight, a figure given by Ferguson, Irving and 
— Plewes [1929]. The figures are given in Table I. 


a. m. 


pm. 


Ether Anssthesia Begun 


Weight removed, ¢.c. per hr. 8 


cat inel 
— pe be us per kg. ot ne to 
2-0 18 360 220 245 500 1400 39 
(Average of figures for cats of about 2 

2 kg. basis.) kg. with temperature of 36-5° C., expressed on 


The percentage of the total oxidation due to viscera on this basis is 39, 
which is in agreement with the figure given by Hunt and Bright [1926]. 
When the minute volume of expired air after evisceration per kg. of 
eviscerated cat was compared with that before evisceration per kg. of 
non-eviscerated cat, it showed no diminution. In this it differed from the 
oxygen consumption which was diminished by some 32 p.c. This is readily 
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explained on the grounds that the increased lactic acid production on 
evisceration, acting through the respiratory centre, maintained a high 
pulmonary ventilation while the oxidative metabolism per kg. was 
lowered. After the “break point” had been reached the minute volume 
rapidly increased and such values as 417, 504, 570, 636 and even 645c.c. 
per kg. were observed. In this last instance the preparation weighing 
2-92 kg. after evisceration was breathing at the rate of 44 respirations 
per minute with a tidal air of 42-8 c.c. 

The blood CO, concentrations coincident with the minute volumes 
given above were 20, 18, between 23 and 31, 17 and 14 vol. p.c. respec- 
tively, while the 8.Q.’s were 0-95, 0-87, 1-1, 0-99 and 0-86. Before the 
“break point” when minute volumes of 200 C. c. per kg. were observed 
the R. O. in these preparations was 0-85, 0-801, 0-90 and 0-89 respectively. 

In this last instance the R. O. was lower after the “break point” than 
before it. The blood CO, concentration curve for this experiment (No. 36) 
offers a ready explanation of this. When the higher value, 0-89, was 
obtained the blood CO, concentration was falling at the rapid rate of 
about 5-5 vol. p.c. per hour, while at the lower value of 0-86 the rate was 
only about 1-75 vol. p.c. per hour. The actual blood CO, concentration in 
the latter instance had fallen to the low value of 14 vol. p.c., the lowest 


with one exception that we have observed. 


The R. 0. was less steady than with the non-eviscerate preparation. 
When the entire period following evisceration was considered the R. 0. 
varied between 0-76 and 1-0, and in one instance, Exp. 31, it reached 1-16. 
When the metabolism was steady the values recorded were fairly con- 
stant in the vicinity of 0-85 or less. A steady metabolism was indicated 
by a fairly constant oxygen consumption, and a rate of fall of blood CO, 
concentration not greater than about 1-5 vol. p.c. per hour accompanied 
by a correspondingly slow rise in the minute volume of expired air. Higher 


and varying values of R. O. have been observed to occur mainly after 


the break point.” In some instances they also occurred immediately 
following evisceration. A marked rise in blood lactic acid and a fall in 
blood CO, concentration were found to be associated with these higher 
quotients. 

In the main our results go to show that the R. O. of the decerebrate 
eviscerate cat runs parallel with loss of blood CO, which occurs with rise 


1 In this experiment (Exp. 31, Fig. 5) the blood CO, concentration fell below the break 
point” immediately following evisceration, accompanied by hyperpnœa. The lowest minute 
volume recorded after evisceration was 390 c. o. per kg. which was associated with a respira- 
tory quotient of 1-16. 
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in blood lactic acid. If the rise of lactic acid is rapid and the fall of CO, 
rapid the n. O. continues to rise or remains high, but if the fall of CO, is 
slowed the R. 0. tends to fall from the high value to which it has been 
It would appear that during the post-evisceration period prior to the 
“break point” the alkali reserve is capable of coping with the lactic acid 
production, During this period the blood CO, concentration is steadily 


= 
— 12 


Fig. 5. Experiment 31. 


falling and in all probability this maintains the B. O. at a higher level than 
would be shown by metabolism alone. As yet we have no accurate means 
of determining to what extent the CO, displaced from the body fluids 
elevates the R. O. of the eviscerate preparation above that due to its 
oxidative metabolism. | 
This question of the validity of the apparent R. O. of a muscle prepara- 
tion was early criticized by Verzär [1910], and evidence that abnormal 
ratios were largely due to blowing off of CO, from the body fluids was put 
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forward by Kilborn [1928] and by Ferguson, Irving and Plewes 
[1929]. 

Corkill, Dale and Marks [1930], working on the spinal eviscerate 
cat, have put forward some evidence in support of the assumption that 
the R. 0. of this preparation is unity, or about unity. Although we re- 
cognize how greatly the conditions of our experiments differ from theirs 
we feel, in the light of our results, that the figure which they quote for the 
respiratory quotient is affected by causes other than the oxidative meta- 
bolism of the preparation. We have found consistently in our experiments 
that when the blood CO, concentration falls below a value of 25-30 vol. 
p.c. the decerebrate eviscerate preparation is in a state of fairly rapid 
deterioration. Analyses continued for some 4 hours or longer after this 
point have shown a falling blood-pressure, unstable and, for a time, ab- 
normally high values for minute volume of expired air, oxygen consump- 
tion and R. O., and ultimately a rapidly falling oxygen consumption. 

Corkill, Dale and Marks point out that six out of nine of their ex- 
periments show at some stage of the experiment a R. c. of unity or very 
near unity, and it seems to us significant that of these six experiments 


not one has a blood plasma CO, capacity above 30 vol. p.c., and of the 


fifteen blood plasma CO, capacity values recorded for these experiments, 
thirteen are below 25 vol. p.c. On the other hand, of the three experi- 
ments with lower R. c. values ten blood CO, values are recorded, six of 
which are above 30 vol. p.c. and only three below 25 vol. p.c. These 
figures seem all the more significant when consideration is taken of the 
fact that blood plasma CO, capacity figures are normally higher than 
those for whole blood CO, content. 

Further, the values for oxygen consumption of the soteal eviscerate 
cat given by Corkill, Dale and Marks are lower than those we have 
obtained with the decerebrate eviscerate cat. This higher oxygen con- 
sumption of the decerebrate preparation is probably to be attributed to 
its respiratory movements, but it seems worthy of comment that the two 
lowest R. O. s recorded by these workers are associated with the two high- 
est o co ions, Viz. : 

per kg. weight Blood 
ot whole plasma CO, 
Exp. no. n. animal per hr. capacity 
8 0-84 230 Not recorded 
9 0-87 205 36 


In preparations in which glucose was infused we have obtained values 
of R. O. and oxygen consumption which are in no way different from those 
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obtained in the other experiments. In Exp. 39 the blood sugar content 
rose from 164 to 300 mg. p.c. during 9 hours after evisceration. The R. d. 
remained at a value of from 0-81 to 0-82 over a period of 4 hours following 
evisceration when it began to rise with an increase in the pulmonary 
ventilation, the blood CO, concentration having fallen to 30 vol. p.c. 


Sunna r. 

The changes in the carbon dioxide and lactic acid concentrations of 
the blood, and in blood-pressure, pulmonary ventilation, oxygen con- 
sumption and R. O. of the decerebrate cat caused by evisceration are 
recorded and briefly discussed. 

The condition of the eviscerate preparation is e with changes 
in the carbon dioxide and lactic acid concentrations of the blood, and its 
R. O. is observed to run parallel with the loss of blood carbon dioxide which 
occurs with rise in the lactic acid concentration. Respiratory quotients 
of 0-85 or less are obtained. Higher values are associated with lowering 
of the carbon dioxide content of the blood. If the rise in lactic acid and 
fall in carbon dioxide concentration are both rapid the R. O. remains high, 
but whenever the fall in carbon dioxide concentration becomes slowed, 
although the lactic acid concentration may continue to rise, the R. 0. tends 
to fall from the high value to which it has been raised. 


We wish to express our thanks to Prof. T. Graham Brown, F. R. S., 
for guidance in the handling of the decerebrate preparation. 


Council whom we wish to thank. 
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SUGAR TOLERANCE AND ALCOHOL. 
By NORA EDKINS A MARGARET M. MURRAY. 


(From the Department of Physiology, Bedford College.) 


Tun experiments about to be described are an outcome of some investi- 
gations on the effect of alcohol on sugar absorption in cats [Edkins and 
Murray, 1928]. In those experiments it was found that alcohol made 
the absorption of sugar more rapid and possibly more complete; for the 
sugar in the arterial blood rose to a maximum more quickly, and this 
maximum was generally higher than without alcohol. These cats were 
under amytal anssthesia, which is known to depress metabolism generally 
and carbohydrate metabolism more particularly. These animals, when 
given the amount of glucose comparable to that used in the glucose toler- 
ance test, showed incomplete utilization of carbohydrate; the blood sugar, 
having risen considerably, did not return to normal within eight hours, 
sometimes not at all. When given alcohol with the sugar there was appar- 
ently more utilization or storage, since the level of sugar in the blood fell 
to normal on an average in about six hours. 

This last-mentioned result seemed important; for if it might be as- 
sumed that the non-utilization of the sugar in cats under amytal was 
comparable to the diabetic state, then it might be of benefit to give alcohol 
to diabetic subjects. Alcohol has been used as a source of fuel for dia- 
beties repeatedly with very varying results. Hunt [1930] has obtained 
results in experiments on diabetic patients which show that alcohol 
lowers the fasting sugar level in the blood. He also showed that giving 
alcohol with sugar caused a more rapid absorption of the latter. Given in 
small quantities at suitable intervals it has been used to supply 2000 cals. 
per diem. The question then arises, does alcohol help the combustion of 
sugar? Determinations of the R. 0G. and total ventilation after the in- 
gestion of sugar alone and sugar with alcohol have been made by Togel, 
Brezina and Durig [1913]. In their experiments on normal human 


subjects, they found that with sugar alone there was a rise in R. O. which 


lasted for over 2} hours, accompanied by an increased total ventilation 
and hence a much greater increase in CO, output than in oxygen con- 
sumption. When alcohol was administered with the sugar the R. O. fell 
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immediately and continued below normal for 2 hours. The total ventila- 
tion was smaller than with sugar alone, and hence the increase in CO, 
output above the normal was small as compared with the increased O, 
consumption. Their results prove that the fall in R. O. is really due to the 
burning of alcohol in preference to sugar, so that the alcohol spares the 
sugar from oxidation. They definitely stated that this “spared” sugar 
was not to be found in the circulating blood, nor was it excreted, though 
they gave no figures for blood or urine sugar. In their experiments the 
quantities of sugar and alcohol used were strictly comparable to those of 
the experiments to be described. Allen and Wishart [1922] found that 
alcohol diminished hyperglycemia and glycosuria in diabetic subjects 
on a low caloric diet, and in normal subjects was burnt in preference to 
other foods; that is, it had a sparing action. Fuller [1922] obtained 
similar results and arrived at the same conclusions. : 

In the following experiments glucose was given to normal human 
subjects with and without alcohol. The subjects had a cup of weak tea, 
without sugar, first thing in the morning, came to the laboratory at 
about 9a.m., rested for half an hour, and then a blood sample was 
collected. Further samples were taken at intervals to be certain that the 
blood sugar was constant. The bladder was emptied: Then the sugar was 
taken in the following way: 75 g. of glucose were dissolved in water, 
50 c.c. lemon juice added and the final volume made up to 300 c.c. When 
alcohol was given it was included in the 300 c.c., the quantity of alcohol 
being 0-57 C. o. absolute alcohol per kg. body weight, amounting to about 
30 c.c.; the strength of alcohol then was 10 p.c. by volume. The liquid 
was drunk at a temperature of 25°-30° C. and the room temperature 
maintained between 19° and 20° C. in all the experiments. 

All the blood samples were arterial in composition, being taken by 


_ stabbing the thumb or finger behind the nail with a very sharp ophthal- 


mic surgery knife after the hand had been in hot water. The samples 
(oxalated) were placed directly on ice and measured from the ice. Deter- 
minations of sugar were made by the method of Hagedorn and Jensen 
at hour intervals during the rise of sugar and later at 4-hour intervals. 

Urine samples were collected at definite intervals, the volumes noted 
and the sugar estimated. The amount of sugar was always too small to be 
detectable by ordinary rough sugar tests, though it could be determined 
by more refined methods. The estimations of sugar in urine were done as 
follows: 5 or 10 c.c. of urine (according to the dilution) were accurately 
measured, to it added 10 or 5c.c. of water and then 50. 0. of N/10H,SO,. To 
this diluted acid urine was added Lloyd’s alkaloidal reagent recom- 
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mended by Folin and Berglund [1922]. This mixture was shaken for 
2 minutes and filtered; the filtrate contained neither uric acid nor creati- 
nine. Sugar was estimated in this filtrate, after neutralization, by the 
method of Hagedorn and Jensen. All blood and urine estimations 
were completed on the same day as the experiment. 


The effect of alcohol alone on the blood sugar. 


It was first necessary to know what effect alcohol taken alone had on 
the blood sugar in the subjects of these experiments. Alcohol given in 
the same dilution as in the other experiments caused very little altera- 
tion of blood sugar. In four subjects the blood sugar never varied much 
from the normal level during the 2 hours after the alcohol; after that the 
level tended to fall slightly. It has been shown by Southgate [19251 
that alcohol reaches its maximum in blood in 1-2} hours. 


| The effect of alcohol on sugar tolerance. : 

A series of experiments was carried out to compare the rate of rise of 
the blood sugar, the degree of hyperglycemia and the rate of return to 
the normal level when sugar was taken alone and when it was taken to- 
gether with alcohol. The conditions of these experiments were according 
to the details already stated and were entirely comparable in the two 
types of experiment. The graphs in Fig. 1 show threé typical experiments 
in each subject. The complete set of experiments is given in Table I. 
The rate of return to normal or rate of disappearance of the hyper- 
glycemia is obtained by taking the maximum rise and dividing by the 
time taken to fall to the normal level. During the course of these experi- 
ments it was noted that the degree of diuresis caused by the alcohol was 
of importance; the figures for the urine secretion are therefore also given. 
The experiments are arranged in two series for each subject, (a) sugar 
alone, (6) sugar and alcohol. 

From a study of the figures in the table, it is clear that the tendency 
for alcohol to quicken the absorption of sugar and so give a higher degree 
of hyperglycemia, which we were able to show clearly in anssthetized 
cats, is not a constant phenomenon in these experiments: although in 
two of the subjects the average maximum rise of blood sugar was greater 
when alcohol was taken with the sugar than when it was not. But there 
is another effect that the alcohol had in most of the experiments, namely 
to cause diuresis, and the extent to which this effect is manifested has a 


marked influence on the degree of hyperglycemia. When there is no 


diuresis (subject A, Exps. 7 and 9) the rise of blood sugar is at its highest; 
‘PH, LXXI. | _ 
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Sugar alone 


71 


11 
16 


0-50 


169 


118 


Subject B. Age 30 years. Weight 52-7 kg. Height 166 om. 


Sugar alone 


117 


0-58 


101 


88338883 


115 


73 


Average 


Subject O. Age 20 years. Weight 72-5 kg. Height 174 om. 
46 
51 
5⁴ 


szag 4328888 
aggg|2 33233388 
22828 22288882 
3382 8 88888858 
388388 83238888 & 


Sugar alone 


27—2 


4 
Time : 4 
Max. taken 
rise in to Time 4 
| blood reach taken to Urine Sugar a 
sugar this return to Rate vol. in excreted 9 
| Expt. 10050 max. normal of 2 hr. in 2 hr. a 
Subject A. Age 38 years. Weight 56:25 kg. Height 162 cm. 4 
5 87 4 166 0-53 
82 45 165 0-50 125 36 3 
a 30 195 0-36 410 70 4 
Average 384 41 230 54 q 
Sagar and 7 97 4 165 0650 236 Not deter- 4 
9 111 45 165 0-67 270 80 1 
19 28 30 60 0-47 640 91 1 
~ 41 45 75 0-55 545 130 4 
10 50 30 15 0-67 565 120 4 
0-42 410 Not deter. 4 
O56 444 105 
O71 2300 116 4 
2 63 30 105 0-60 250 118 4 
x 42 30 105 0-40 235 Not deter. 4 
12 64 30 105 0-61 255 
Average 68 30 C = 4 
75 80 75 1-00 4 
80 30 135 0-59 4 
84 60 180 0-47 : 
97 45 150 0-65 j 
59 30 120 0-49 § 
| 60 30 90 0-67 4 
75 30 105 0-71 1 
3 j 
5 7 
7 
9 
| 
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when the diuresis is most marked, more than twice as great as without 
alcohol (subject A, Exps. 8, 10 and 19), the rise of blood sugar was actu- 
ally less than when the sugar was taken alone. In the subjects B and C 
the degree of diuresis did not vary so much, but here too the tendency 
for the hyperglycemia to vary inversely as the diuresis is evident, 


especially when plotted as is done in Figs. 2, 3 and 4 for the three subjects 


respectively. 

That alcohol does tend to increase the hyperglycemia we have other 
evidence, obtained in several experiments in which the alcohol was taken 
not at the same time as the sugar, but } to 1 hour later, when the blood 
sugar was beginning to fall. In subject A a definite secondary rise was 
then obtained which did not occur if water was taken instead of alcohol. 
In similar experiments on subject B, although there was no such second- 
ary rise, the fall of the sugar level was arrested for some time. 

There are two ways in which this tendency to increase hyperglycemia 
may be accounted for: it may be that the alcohol has speeded up the rate 
of absorption from the alimentary tract; evidence for this occurring in 
animals we have already given [1928]; or it may be that the alcohol has 
slowed down the rate at which the sugar is taken up from the blood by 
the tissues, especially the liver, The evidence furnished by our experi- 
ments definitely is against this latter possibility. In all three subjects 
the average rate of return from the maximum hyperglycemia to the 
normal level was greater, not less, with alcohol than without. But the 
rate of return from the maximum hyperglycemia is not the only measure 
of the rate at which sugar is removed from the blood by transfer to the 
tissues. In the extreme case, if the rate of removal were so rapid that it 
kept pace with the absorption into the blood, there would be no hyper- 
glycemia from which to measure the rate of return. The extreme case 
obviously does not occur, but a degree of hyperglycemia less than might 
otherwise be expected may be evidence of rapid removal from the blood. 
Bearing in mind that although alcohol increases the rate at which sugar 
is taken up into the blood, we find as is shown in Figs. 2, 3 and 4 that, if 


it causes diuresis it gives less hyperglycemia. It is therefore a fair 


inference that when alcohol causes diuresis it causes the sugar to leave 
the blood more rapidly, that is it increases the sugar tolerance. _ 
That diuresis with or without glycosuria is associated with low hyper- 
glycemia after administration of sugar by itself has been observed by 
Goto and Kuno [1921]. 
The diuretic action of alcohol is apparently not due to direct action 
on the kidney. Loewy and Bornstein [1927] have shown that the 
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addition of alcohol to the blood circulating in a heart-lung-kidney pre- 
paration stops the secretion of urine; this was the case with a concentra- 
tion of alcohol, 0-058 p.c., which in man would give a marked diuresis. 


ri 100 00 300 00 500 600 700 BOC 900 1006 100 1200 


Go. of urine excreted in 2 hours 
Fig. 2. Subject A. m=26. Sugar alone O. Sugar+alcohol x. 


— 


Maximum rise of blood sugar in mg. / 100 c. o. 
fo) 


0 100 oe 300 777 500 500 700 BOC 900 1000 100 1200 


C. o. of urine excreted in 2 hours 
Fig. 3. Subject B. m=54. 


This diuretic action of alcohol must, therefore, depend upon an influence 
exerted through some organ outside those included in the heart-lung- 
kidney preparation, unlike the action of such diuretics as theobromine 
and digitalis [Gremels, 1928]. 
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The possibility that the organ through which alcohol acts on the 
kidney might be the pituitary suggests itself, not only on account of the 
well-known effect of injection of extracts of the posterior lobe in diabetes 
insipidus and in arresting the diuresis set up by drinking water, but also 
because we find that alcohol when it causes diuresis lowers the hyper- 


glycemia. The posterior lobe of the pituitary contains something which 


raises blood sugar by releasing sugar from the liver [Clark, 1928]. If, 
therefore, alcohol depressed the activity of the pituitary body, the asso- 


ciation of diuresis with a lower level of blood sugar found in these experi- 


ments might be explained. 


100 DC 300 ve 500 500 700 800 : 50 * 1100 1200 


C. G. of urine excreted in 2 hours 
Fig. 4. Subject C. m=37. 


In order to test this possibility, experiments have been made to see 
whether the diuresis induced by alcéhol was accompanied by the 
diminished excretion of chloride which Starling and Verney [1925] 
found was characteristic of the diuresis resulting from the absence of the 
influence of the pituitary body. We find that this is so, as is illustrated 
by the following figures. 

ABLE 


Subject B. Exp. 25. Given 30 c.c. aloohol in 300 0. 0. water. 
Average 
1 hr. before Successive 3 hours hour 2 
alcohol after alcohol alcohol 
Urine volume 55-5 22-5, 126, 230, 124, 15 — 
Urine chloride 458 480, 76, 29, 53, 363 — 


100 0. o. 
Mg. “chloride ex- 231 108, 96, 67, 66, 54 166 
Urine ph 68 75, 16, 8, 13, 87 — 


mg. per 100 0. 0. 
Mg. phosphate ex- 36 17, 20, 19, 16, 13 34 
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Here there is a marked increase in the volume of urine excreted, the 
rate at which chloride was excreted was considerably decreased, while 
the rate of excretion of phosphate was unchanged. 


SUMMARY AND CONCLUSIONS. 


1. Experiments have been made comparing the tolerance to 75 g. 
glucose taken alone and with alcohol. 


2. The alcohol increases absorption, as shown bya a more 5 85 rise in 
blood sugar. 
3. After alcohol the sugar in the blood falls more rapidly. 

4, The more diuresis the alcohol causes the less the rise in blood sugar. 

5. The diuresis is associated with increased sugar tolerance and 
diminished output of chloride. 

6. The associated results in 3, 4 and 5, suggest a common origin in 
a depression of the activity of the pituitary body by the alcohol. 


Weshould like to thank Prof. V 
to the — of our results. 
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AN APPARATUS FOR MEASURING TRANSUDATION 
THROUGH A LIVING MEMBRANE. 


By J. A. GUNN. 
(From the Pharmacology Laboratory, University of Oxford.) 


THE apparatus to be described was designed for measuring transu- 
dation through a living mammalian membrane. The membrane em- 
_ ployed, the mesentery, is particularly suitable for this purpose as it 
consists of a thin uniform sheet, composed of little else than two layers 
of peritoneum, and is devoid of complicated glandular or muscular 
structure. | 

If a fluid under pressure is separated by a porous membrane from 
another fluid under less pressure, the amount of transudate formed 
depends upon three factors: (a) the filtering force, i. e. the difference 
between the hydrostatic pressures on the two sides of the membrane, 
(ö) the difference between the osmotic pressures of the two fluids, and 
(c) the permeability of the membrane. One object of the apparatus to 
be described was to determine to what extent the permeability (c) of a 
membrane could be altered by drugs, toxins, etc., when the first two 
factors (a) and (b) were, as far as possible, kept constant. 

As a living membrane, part of the mesentery of the cat or rabbit was 
used. The hydrostatic pressure was applied by maintaining a constant 
negative pressure on one side of the membrane. The control fluid used, 
which was restricted by the necessity to keep the membrane alive, was 
oxygenated Locke’s solution at body temperature. Briefly, the principle 
of the apparatus is that Locke’s solution is sucked through the membrane 
at a given negative pressure and the alterations in the rate of transuda- 
tion caused by addition of drugs, etc., to the Locke’s solution are measured. 
Fig. 1 in the accompanying diagram illustrates the apparatus as it was 
assembled. 2 

A, B and C represent a simple and ingenious device due to Mr B. H. 
Lambert and which, he informs me, is based upon the manostat devised 
by Wade and Merriman [1911]. This need not be described in detail, 
as other methods of maintaining a constant hydrostatic pressure may 

be used. It will suffice to say that the negative pressure is obtained by 
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a suction pump attached to the side tube of the flask A, and that the 


amount of negative pressure is measured by the height of the column 
of mercury in the tube B, to which a scale is attached. Fig. 2 shows the 
arrangements of the tubes C, which dip into a pot D, containing mercury 
covered with a layer of 20 p. c. sulphuric acid. The negative pressure 
sucks globules of mercury up the left tube and they fall down the right 
tube which is drawn to a narrow opening below so as to act as a choke 
to prevent too rapid escape of the mercury. By this device a very 
constant negative pressure could be applied and I am greatly indebted 
to Mr Lambert for supplying me with it. E is a vulcanite tambour, | 


which will be separately described and over which the membrane is tied. 
It is submerged in the beaker F, which is filled with oxygenated Locke’s 
solution. This beaker is contained in a water bath G, the temperature 
of which is kept constant by regulating the position of the Bunsen flame 
along a copper wire which forms a loop inside the bath, perforates the 
side, and is twisted outside to form the conducting rod. | 

When the suction is applied, the Locke’s solution passes through the 
membrane, up the vertical tube J, and collects in the graduated tube H 
in which it is measured. After the normal rate of transudation had been 
measured, a known concentration of a drug is added to the Lockes 
solution in the beaker F, and the subsequent rate of transudation 
determined. 

The apparatus as described is the most convenient of several modi- 
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fications which were tried, and the following is a suitable procedure for 
experiments with it. 


The water bath, with its contained beaker of Locke’s solution, is first 
brought to a constant temperature of 38° C. The animal is killed and the 
abdomen opened. The tambour is filled with the Locke’s solution and 
the mesentery is tied on. At first I used to cut out a suitable portion of 
the mesentery and tie on this isolated sheet, but I found that it was 
quicker to apply the tambour to the mesentery in situ, tie it on and then 
cut the mesentery round the tambour. For this purpose the vertical 
tube J can be detached, if necessary, from the rest of the apparatus by 
disconnecting the rubber junction. As soon as the membrane is tied on, 
the tambour is immersed in the Locke's solution in the beaker F, and 


the suction begun. With a little practice it takes only a very few minutes 


from the moment of killing the animal until the perfusion begins. 

A few observations on points of detail may be useful to anyone who 
may use such an apparatus. 

In regard to the tambour, I tried several types. In one the membrane 
was tied over a vulcanite disc perforated with numerous small holes. 
The drawbacks to this were that the area through which filtration took 
place was too small, and there was a risk of damaging the membrane 
from pressure on the edges of the holes. An inverted glass thistle funnel 
was then tried. A sheet of fine muslin was first tied over it, on the top 
of which the membrane was subsequently tied. A drawback with this 


was that there was a possibility of some of the Locke’s solution being 


sucked through the edge of the muslin without passing through the 
membrane. To overcome this, the vulcanite tambour (Fig. 3 in the 
diagrammatic illustration) was made for me by Mr Busch. It will be 
seen that this has two grooves. A sheet of muslin, MI, was first placed 
over the tambour, tied round the upper groove and cut away closely. 
This formed a completely permeable support for the mesentery and could 
be left on permanently. The mesentery, M,, was applied above this and 
tied on the lower groove. No fluid could, therefore, pass through the 
muslin without passing through the membrane. A tambour of 3 cm. 
internal diameter, which was first used, was discarded later in favour 
of one having half that diameter. It is easier to obtain a uniform thin 
sheet of mesentery of sufficient size to cover the smaller tambour. 


In regard to the membrane, I used chiefly the omentum and mesentery, 


but the latter gave better results. On several occasions the fluid under 
pressure passed rapidly and irregularly through the omentum, as if there 


were actual holes in it. The filtration of the normal solution ne the 
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mesentery was, however, remarkably regular and the rate of the normal 
flow very much the same for different pieces of mesentery, even from 


different animals, provided the same diameter of membrane and the 


same filtration pressure were used. The filtration pressure could be varied 


0 by adjustment of the manostat, but I used generally pressures of from 


90 mm. to 130 mm. Hg. An objection might be raised that there is no 
guarantee that the sheet of mesentery is kept alive under these con- 
a ditions, When one considers, however, that comparatively thick tissues 
ne the muscle of the gut or uterus can be kept alive and in good 


functional condition under far more rigorous conditions, there seems no 
reason to suppose that a very tenuous membrane like the mesentery 
cannot survive at least equally well, when kept in oxygenated Locke’s 
| solution at body temperature almost from the moment that the animal 
39 is killed. 

a Most of the experiments which I have made with this apparatus in 
its final form were made in the summer of 1923. The apparatus was 
demonstrated to a laboratory meeting of the Therapeutical Section of 


the Royal Society of Medicine in the summer of 1928. Since then I have 
had a few applications for a description of it, which I now give in the 
hope that it may be useful to others. 

Though the experiments I intended to do with it have been inter- 
rupted by other work, brief mention may be given of some of the results 
obtained with it. 

The following protocol is typical of the normal rate of filtration. 


18. x. 1923. Diameter of tambour, 1-5om. Rabbit mesentery. Temperature of Locke’s 
solution, 38°C. Filtration pressure, 110 mm. Hg. 


5 Filtration was begun at 11.15 a.m. The rate of transudation was at first 2-5 0. o. per 


minute which was rapidly reduced, in about 6 minutes, to 1 c.c. per minute. Thereafter 
there was a very slow and gradual reduction in the rate of transudation to 0-5 0. 0. per 
minute in 40 minutes (11.55), and at 4.15, 5 hours after beginning filtration, the rate was 
0-25 c.c, per minute, This is the usual type of result obtained with Locke’s solution alone. 
The rate of flow is relatively rapid for a few minutes after suction is begun, and thereafter 


declines very slowly and steadily. 


There were two problems especially upon which I hoped that experi- 
ments of this kind might throw light. The first concerned the “hsmor- 


[1911] that Hchis venom produced a series of effects (e.g. hemorrhages 


increased the permeability of membranes. Some experiments were made 
to determine whether the addition of Echis venom to the Locke’s solution 
would alter the rate of flow through the mesentery. The results were 
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negative; but when the lethality of the venom, which had been kept in 
the laboratory for several years, was tested, it was found that the venom 
was almost inactive. As no fresh supply of the venom was available, 
this question had to be left unanswered. 


A second problem concerned the diuretic action of caffeine. There 


has been a dispute as to what extent the diuretic action of caffeine is due 
to circulatory changes in the kidney or to an alteration in the permea- 
bility of the kidney epithelium. The latter action has been deduced by 
exclusion rather than by positive evidence. It appeared possible that 
caffeine might alter the permeability of a membrane like the mesentery. 
Caffeine citrate added to the Locke’s solution in concentrations of 1 in 
5000 to 1 in 40,000 produced, however, no alteration in the rate of 
transudation. A tentative conclusion from this negative result is that 
either caffeine does not increase the permeability of kidney epithelium 
or that, if it does, it is a selective action on this epithelium which is not 
necessarily produced on other animal membranes. The latter possibility 
is, of course, far from improbable. i 

There are other problems upon which experiments of this kind may 
throw light; for example, the selective penetration of different drugs or 
electrolytes, or the alterations of permeability produced by astringents. 
A living membrane like the mesentery would at any rate seem to afford 
something nearer what actually occurs in the body than artificial or 
dead membranes, and something nearer a “membrane” than such 
tissues as the frog’s skin or mammalian stomach which have been 
chiefly used in similar experiments. 

Perhaps this hope is sufficient justification for publishing a description 
of the apparatus. I am indebted to my assistant, Mr E. G. Long, for 
the drawing of it. 

SuMMARY. 
In this apparatus the exsected living mammalian mesentery is used 


as a filtration membrane, and through it oxygenated Locke’s solution at 


body temperature is sucked at a constant negative pressure. The rate 
of transudation is measured. Drugs, toxins, etc., can be added to the 
Locke’s solution and resulting alterations in the permeability of the 
membrane determined by the change in the rate of transudation. 
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ON VARIATIONS IN THE ACTIVITY OF THE 
CARDIO-INHIBITORY CENTRE. 


By R. J. S. MoDOWALL. 


ie: the Desariomd of Physiology, University of London, 
King’s College.) 


Tun object of the experiments to be described was to define the conditions 
which determine the activity of the cardio-inhibitory centre. This centre 
is in a more or less continuous state of activity, referred to commonly as 
“vagus tone.” I prefer the term “vagus restraint,” which was suggested 
to me by the late Prof. Langley, as it avoidsthe rather loose word tone.“ 
The amount of vagus restraint present at any moment can be determined 
by cutting the vagi or, better, since it can be done repeatedly on the same 


Fig. l. Showing the typical effect of electrically blocking 
the vagi between the arrows. 


animal, by merely blocking the passage of impulses down them by 
Bernstein’s method, using a constant current of 2 to 4 volts (Fig. 1). But 
since the cardio-inhibitory centre can be put into action reflexly by 
stimulation of the central end of one vagus with the other intact and the 
response to a given stimulus · may vary according to the state of activity 
of the centre, it may be possible to gauge this activity by gauging its 
reflex excitability. In the experiments to be described both methods have 
been used, and the results obtained have corresponded so as to show that 
the reflex excitability may be taken as a measure of that activity.of the 
centre which results in vagus restraint. Consequently, in most of the 
experiments here recorded it is the variations in the reflex which have 
been used as an indication of the condition of the centre. 
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In any case it is necessary to standardize the degree of anssthesia for 
such experiments, and it has been found most satisfactory to work on 
animals under a degree of chloralose anesthesia in which the ~~ were 
constricted, but the conjunctival reflex was present. 


The oardio- inhibitory reflex. 

In order to interpret the results obtained, it is necessary to define 
features of the reflex response which are characteristic, for it is remarkable 
that, in spite of the familiarity of the reflex, little work appears to have 
been done on these lines. 

Latent period. When the peripheral end of the vagus is stimulated 


Fig. 2. The central end of the left vagus was stimulated during the period indicated by the 
signal, Note slow onset of cardio-inhibitory reflex as compared with rapid onset of 
depressor reflex; also after-discharge of the former. 


the onset of the cardiac slowing is instantaneous, but when the centre is 
stimulated reflexly (Fig. 2) the time of onset may vary considerably. If 
the animal has been rested, not only may the onset of slowing be delayed 
but the maximum effect as the stimulation proceeds is only slowly 
developed. If the stimulus is repeated at frequent intervals the onset 
becomes more rapid and the maximum effect is produced sooner. It is, 
indeed, evident that an effect of the stimulation is to make the centre 
more excitable in the sense that it is more quick to respond to a second 
stimulus. 
After-discharge. In striking contrast also to the effect of stimulation 
of the peripheral end of the vagus (Fig. 3) is the time taken for the 
effect of the stimulation to pass off when the central end is stimulated. 
Instead of passing off immediately it may continue for several minutes 
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and in certain circumstances, which are discussed later, for several hours 


5 Fig. 3. Shows the effect of two successive stimulations of the peripheral end of the vagus 
(P. B.). It is seen that the second stimulation is less effective. This would not be the 
case if the inhibition were produced reflexly by stimulating the central end. 


Fig. 4. Fig. 5. 
Fig. 4. The central end of the left vagus was stimulated between the arrows. After- 
be discharge is well seen. The lower record is one of venous pressure. 

Ni. 5. The central end of the vagus was stimulated for a long time. After being slowed 
s the heart quickens (fatigue of centre), but the arterial pressure continues to fall 
(depressor reflex). 


Bube of repeated stimulation. If, immediately after recovery from 
stimulation of the peripheral end of the vagus, the stimulus is repeated, 
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it is found that the same degree of slowing is not obtained (Fig. 3). This 
is already described by Hough [1895]. To obtain the same degree of 
slowing a stronger stimulus is necessary or the animal must be bled for 
reasons already described [McDowall, 1926]. When, however, the 
centre is stimulated reflexly, there is no reduction in the response unless 
this procedure is repeated many times. 

If it is repeated many times or continued for a long period, evidence 
of central fatigue occurs. But in that case it is of interest that the fall in 
blood-pressure still occurs or is continued (Fig. 5). That this is due to 
fatigue of the arc and not to fatigue of the peripheral mechanism is shown 
by the fact that the heart may be kept slowed by stimulation of the 
peripheral end of the vagus for over an hour if steps are taken to prevent 
vagus escape by bleeding the animal [Me Dowall, 1926]. The absence of 
fatigue in the depressor reflex has already been described by Bayliss 
[1893]. The respiratory waves show that the failure of the cardio- 
inhibitory reflex is not due to asphyxia, the result of a cessation of 
respiration: the same result is obtained also under artificial respira- 

tion. 


Ren agonistic to the cardio-inhibitory reflex. 

If the central end of a mixed spinal nerve is stimulated with a rapid 
faradic current and the central end of the vagus stimulated, the inhibitory 
reflex may be counteracted (Fig. 6). The extent to which this may be done 
varies in different animals. In some it has not been possible to balance 
exactly the vagus activity by stimulation of the spinal afferent; in others 

it completely disappears. The duration of the effect of the antagonistic 
reflex also varies in different animals, Why the duration of the accelerating 
effect of the stimulation of the sciatic should vary in different animals is 
a point of some interest. This will be made the subject of a separate 
investigation. 
Alter the effect of the antagonistic reflex has worn off, there follows 

a period during which the cardio-inhibitory reflex is much more active 
(Fig. 6). In that case it may be possible to stop the heart completely. 
Even in those animals in which stimulating the sciatic causes no lasting 
reduction of vagus activity, there is, immediately after the blood- 
pressure has returned to the normal, a short period during which the 
centre is hyper-excitable (Fig. 7). 

In an animal with both vagi intact this increased excitability may 
show itself by a temporary and spontaneous slowing of the heart (in- 
oreased vagus restraint) immediately after the stimulation of the sciatic 


55 
vig 
2 
— 
~ 
4 
„2 
* 
* 
2 
2 
: 
bes 
‘tam 
\ 
2 
J 
os 
2 
2 
3 
* 
55 
* 
— 
* 
“a 
tives 
* 
; 
2 
E. 
— — 
* 
* = 
? 
ok * 
3 
Dr 
2 
4 
Fi 
> 
i * F 


OU pey Y - a 
pus Fo pessed sey L1osues yo yooye oy} 10478 
sem enFea 04} JO puo OWL, 


ACTIVITY OF CARDIO-INHIBITORY CENTRE. 421 


1 
— 
he 
2 
4 iw 
— % 
ig 
— 
j 
3 
¥ 
2 
— 
+ 
2 
5 
3 
a 
a 
* 
id 
2 
/ 
a 
* 
% 
* 
a 
* 
a 
1 
5) 
75 7 
775 3 37 
8 * 
‘ 
4 
4 
¥ 
Sf 
: 
| 4 
2 
4 
€ 
C 
1 * 
| 
| 
| 
| 
4 
— 
— 
12 
tink 


422 XN. J. S. MoDOWALL. 


has ceased. Fig. 8 shows a series of stimulations of the central end of the 
sciatic, and it is seen that after each stimulation the slowing which 
follows becomes more and more marked as if the vagus centre had become 


Fig. 8. With both vagi intact successive stimulations (A-) of the central end of the 


sciatic are followed by increasing degrees of vagus restraint. e e 
slowed at X-X to facilitate reproduction. At F. O. the vagi were cut, 


more and more excitable as the stimulation progressed. In this instance, 
the dependence of the slowing on the vagi was shown by section of the 
nerves. 

The possibility of the increased activity of the inhibitory reflex being 
due to sympathetic exhaustion was excluded by the fact that similar 


Fig. 9. Stimulation of the central end of the sciatic A—B, after several similar stimulations, 
causes slowing of the heart after the acceleration has passed off, 


results ocour after removal of the stellate ganglia and suprarenal glands 
and that stimulation of the sciatic has then just as great an effect as 
before—indeed, the slow heart makes the effect more marked than it was. 

After the stimulation of the sciatic has been repeated several times, the 
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rise of blood-pressure becomes less and less sustained. In some animals 
it is then found that prolonged stimulation produces, after a preliminary 
quickening, a slowing of the heart. This fact suggested that the pressor 
reflex has a direct effect on the vagus centre (Fig. 9), and further evidence 
of this is the fact that, after ergotamine has been given to paralyse the 
sympathetic, stimulation of the sciatic causes only a slowing of the heart 
(Fig. 10). I have repeated this observation on four different animals, but 
it is not easy to repeat as it appears to depend on the exact action of the 
ergotamine on different animals. 

It does not appear that the rise of pressure commonly produced by 
the pressor reflex is itself responsible for the slowing, for a temporarily 
increased arterial pressure produced by occluding the aorta does not 
result in slowing except while the blood-pressure is actually being raised. 
Moreover, a gentle stimulation (e.g. that produced by dissection of the 


Fig. 10. Stimulation of the central end of the sciatic between the arrows after the 
injection of 1-5 mg. ergotamine methyl-sulphonate. Natural respiration. 


vagus) and insufficient appreciably to raise the blood-pressure produces 
delayed slowing (Fig. 11). 

It must be understood that all animals do not give this delayed 
slowing and that the experiments which are here recorded were carried 
out on those animals which, over a period of four years, preliminary 
experiments showed to be the most suitable. When unsuitable, the 
animals were used for other purposes. The suitable animals were those 
which might be described as vago-tonic and which have, initially, a slow 
heart. Such cats are undoubtedly more commonly found in winter and 
autumn than in spring, but accurate data on this point are being collected. 
In five successive a ee 
rit to lack of suitable animals. 


The effect of asphyxia. 

This was produced by causing the animals to re-breathe their own 
expired air from a small rubber balloon or by tying to the tracheal tube 
a long piece of tubing or by producing cerebral ansemia by clipping off 
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the carotid arteries and clamping the vertebral arteries by a vertebral 
clamp [McDowall, 1930]. 

It is well known that cerebral asphyxia or cerebral anemia stimulates 
the cardio-inhibitory centre and produces cardiac slowing. It has, how- 
ever, been pointed out [McDowall, 1929] that if the animals have been 
rested under chloralose until all the sensory stimulation set up during 
anesthetizing and preparing the animal has worn off, the period of cardiac 


Fig. 11 A. During the period indicated by the arrow the vagi were dissected. To 
facilitate reproduction the drum was stopped at each & for three minutes. | 
Fig. 11 B. At S88 the central end of the sciatic was stimulated. This and Fig. 11 A indicate 
_ the enormous changes which may occur in the heart rate without any appreciable 
change in the blood-pressure. 


slowing may be preceded by a period of cardiac acceleration. (An example 
of such acceleration due to asphyxia isshown in Fig. 14.) During this period 
the cardio-inhibitory reflex is in abeyance, although the depressor reflex 
is very active (Fig. 12) and vagus restraint has completely disappeared. 

In suitable animals (see p. 423) after the asphyxia has been allowed 
to pass off, a period of slowing occurs (Fig. 13), and both the cardio- 
inhibitory reflex and, in the intact animal, vagus restraint are increased. 

This additional restraint produced by the asphyxia is in no wise 
different from normal vagus restraint and, what is still more unexpected, 
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1 it is reduced initially by subsequent asphyxia which causes, as at cent, 
: marked acceleration before the slowing (Fig. 14). 


__ To avoid confusion it may be noted that the post-asphyxial slowing 
here described is not due to heart block, a condition which is known to be 


Fig. 12, Stimulation of the central end of the vagus during asphyxia, 
Prior to the asphyxia similar stimulation gave marked slowing. 


5 Fig. 13. The original rate of the heart is shown at the beginning of the tracing. At X the 
iy animal was asphyxiated for two minutes. „„ 
ee has had time to pass off. 

5 produced by very severe acphyzia [Roaf and 1910, 
Lewis and Mathison, 1910}. This condition when so produced is not 
improved by subsequent asphyxia. I have been fortunate in securing an 
} instance in which a slow heart due to heart block was produced by the 
Ib severe asphyxia, and later after the heart had recovered a delayed slowing 


** 9 
> 7 + 
* 
7 
— 
2 
ag 
7 ¢ 
ay 
; 8 
4 
4 
q 
23 
* * 
4 
N. 
2 
7 4 
7 
5 
K. 
4 a 
a 
> 
8 
* 
7 
* 
* 
. 
5 
57 
— 
* 
* * 
43 
q 
4 
. 
5 
* 
72 
+ Ng 
a 
: 
Ax 
* 2 
A 
a 
a 
¥ 
* 
& 
N. 
¥ 
* 
* 7 * 


426 R. J. 8. MoDOWALL. 


due to increased vagus activity occurred (Fig. 15). In this 
the heart was exposed and the occurrence of the heart block verified oy 


Fig. 14. The original rate of the heart is shown at the beginning of the tracing. The re- 
cording drum was stopped at X and X to facilitate reproduction. Asphyxia was 
carried out at A- and again at A,-B,. Just after the first X the period of acceleration _ 
prior to the slowing is seen. The acceleration produced by the second period of asphyxia 
is well seen, but no further delayed slowing is obtained. 


inspection. Asphyxia was produced by cessation of the artificial respira- 
tion. 

The effect of asphyxia i is then the same as that of stimulation of the 
central end of the sciatic, except that the former if continued long enough 


Fig. 15. The record was taken in an animal with the chest open (artificial respiration was 
taken off at the first arrow). Heart block was observed just before A.R. At A.R. 


block, occurred for a short period at G. 


will of itself more readily stimulate the cardio-inhibitory centre. The 
slowing after asphyxia occurs in those animals in which the asphyxia does 
not cause rise of arterial pressure and in other animals after the injection 
of a dose of ergotamine, when the falls 
— (ig. 
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The production of sinus 88 | 

In several animals asphyxia or the subsequently increased activity of 
the cardio-inhibitory centre was accompanied by marked sinus arrhyth- 
mia, At each inspiration there was a marked cardiac acceleration. 
Repetition of the procedure which brings it about tended to cause the 
arrhythmia to become more marked. That the arrhythmia depends on 
the vagus can readily be demonstrated by blocking or section of the vagi, 
or the administration of atropine. 


Fig. 16. Record of heart rate in an animal after 3 mg. ergotamine methyl-sulphonate which 
caused the customary cessation of respiration. Artificial respiration was taken off for 
three minutes between A and B. The drum was stopped at A and B to facilitate repro- 

Discussion. 

It has been seen above that the state of the cardio-inhibitory centre 
may be studied by investigating changes which occur in the heart rate, 
the effect of section of the vagus, and by stimulation of the central end 
of the vagus. Of special interest is the after-discharge of the centre when 
stimulated and the fact that mild asphyxia and sensory stimulation 
which produce cardiac acceleration may be followed in many animals, 
after the acceleration has passed off, by a period of cardiac slowing due 
to increased vagal activity as indicated by the effect of vagal section and 
an increase of the cardio-inhibitory reflex. How this late effect is brought 
about is of some debate. There is no evidence that the sympathetic has 
become exhausted, since the slowing may at once be caused to disappear 
by asphyxia or sensory stimulation; indeed, the increased vagus restraint 
appears in every way to be like normal vagus restraint. 

It may be suggested that since asphyxia and sensory stimulation 
commonly cause a rise of: blood-pressure this might be the cause of the 
later slowing. That this, however, is not the explanation is shown by the 
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fact that this slowing occurs even in those animals in which a rise of 
blood-pressure has not been caused (Fig. 11). Also a rise of blood-pressure 
produced by pressure on the abdominal aorta does not have such a result. 
The slowing produced by severe asphyxia and in some animals by pro- 
longed sensory stimulation in circumstances when the sympathetic may 
have been exhausted and after ergotamine, suggests that the vagus centre 
is stimulated directly by mild degrees of asphyxia and by sensory 
stimulation, although the effect is masked by simultaneous stimulation 
of the sympathetic; but since the after-discharge of the vagus is longer 
than that of the sympathetic, a delayed slowing results. A somewhat 
similar but peripheral effect may occasionally be seen in the frog’s heart 
if the sino-auricular junction is stimulated by a too strong current which 
stimulates the muscle directly. In these circumstances the heart may be 


hastened during the stimulation, and the vagus effect appears when the 


stimulation ceases. | 
I be delayed slowing is like the phenomenon described by 
Sherrington as “rebound” when a muscle inhibited reflexly takes up, 
when the inhibitory stimulus ceases, a greater tone than before. 
When the cardiac slowing persists we must consider that not only has 


there been after-discharge but that a sustained facilitation or canalization 


has taken place in the reflex arc, which is responsible for the production 
of vagus restraint. 

Since, in vigorous exercise, conditions may arise which involve sen- 
sory stimulation and very mild asphyxia, it would seem justifiable to 
suggest that the slow heart which is found in those who habitually take 
large amounts of exercise and the temporary slowing which takes place 
after the accelerating effects of exercise have passed off, may be produced 
by an increased activity of the vagus brought about as described above. 

The importance of such a mechanism must be considerable in relation 

to the output of the heart. 
It has been emphasized by Starling that with greater filling of the 
heart during diastole, there is, within certain physiological limits, a 
correspondingly greater output per beat. This increase of systolic output 
is, however, limited by the right auricular reflex of Bainbridge which 
causes cardiac acceleration and shortening of diastole. 

It is evident, then, that when, during the process of training, the 
heart becomes more efficient as a muscular pump and capable of pumping 
out more blood per beat, it is necessary also to train or increase the activity 
of the nervous mechanism by which the undue shortening of diastole is 
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It has long been recognized that vagus restraint is best marked in 
animals which habitually take large amounts of exercise (Clark, 1927]. 
In man, similar observations have been made. It was recorded by 
Taylor [1891] that hill shepherds and others engaged in laborious occu- 
pations have a pulse rate much below the average. Later, Pembrey and 
Todd [1908] found that physical training causes a slowing of the pulse. 


It does not appear to have been determined whether such slowing is due 


to increased vagus activity or merely to the greater capacity and muscu- 
larity of the heart which exercise is known to produce, but Crawford 
[1923] has recorded the reaction to atropine of a large number of persons 


and has shown that the acceleration produced is greatest at the time of | 


life when physical activity is greatest. 

These facts suggest that we may consider vagus restraint as a corollary 
to the Law of the Heart, and we see the advantage of the existence of 
a mechanism by which the vagus restraint of the heart is in as the 
heart becomes more capable of pumping out more blood per beat. As a 
result of the activity of the vagus a given rise of venous pressure will 
cause less cardiac acceleration than it otherwise would, and a longer time 
is allowed for filling. At the same time a greater variability in the cardiac 
rate is made possible. Thus a greater adaptability to exercise is brought 
about. 

The facts given above suggest that a new 8 on the purpose of 
the cardio-inhibitory reflex is necessary. It is usually considered that it 
is primarily a protection against high arterial blood-pressure, but we 
know that in exercise the blood-pressure may be double that at rest and 
accompanied by cardiac acceleration while no apparent harm results. It 
is suggested, therefore, that the primary function of the cardiac vagus 
fibres is in relation to the adaptation of the heart to the requirements of 
exercise as indicated above. 


SuMMARY. 


The activity of the cardio-inhibitory centre has been investigated by 
studying in different conditions the rate of the heart, the effects of 
stimulating the centre by various means, and the effects of section of the 


It has been shown that sensory stimulation and asphyxia, although 
they accelerate the heart and abolish the cardio-inhibitory reflex, result 


_~ later in a condition in which the vagus centre is more excitable and in 


which the normal vagus restraint of the heart is increased. 
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_ Evidence is given which indicates that this chango is due to an after- 
discharge and facilitation of the cardio-inhibitory centre. 

It is suggested that the slow pulse produced by prolonged exercise 
and by training is similarly produced, and it is indicated that the function 
of the vagus is related to the adaptation of the heart to the requirements 


of exercise. 


The expenses of this research were in part defrayed by s grant from the Government 
Grant Committee of the Royal Society. The author wishes also to thank Messrs Parke, Davis 
and Company for a supply of adrenaline and Sandoz Chemical Company for a supply of 
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_ RELATIONS BETWEEN THE ACTIONS OF 
ADRENALINE, ACETYLCHOLINE, AND 
IONS, ON THE PERFUSED HEART. 


By E. DAVIS. 
Platt Physiological Scholar. 


(From the 8 of Physiology, University of Manchester.) 


Tae action of adrenaline and acetylcholine is known to be profoundly 
influenced by the ionic concentration of the medium in which they act. 
The literature on this subject. contains many apparently conflicting 
statements, and a critical analysis suggests that the following facts may 
account for some of the discrepancies. (a) The bulk of the literature is 
concerned with the frog heart. Different species of frog were used by 
various authors, experimenting on different preparations at different 
seasons. There is evidence that the various species of frog do not react 
in the same way to a given drug—Krogh [1917] and Lanz [1928]—and 
that the ionic medium of cold-blooded animals alters with season— 
Bouckaert, Bouckaert and Noyons [1922]. (b) It is necessary to 
differentiate between results obtained with the whole heart and those 
with the isolated auricle, isolated ventricle, ventricular slips, and other 
modifications. (c) In assessing results, it is important to allow for the 
wide variety of perfusion fluids which has been used. To consider but one 
constituent, Ca”, of frog heart Ringer’s fluid, Sollman and Barlow 
[1926] used 0-026 p.c., Clark [1913] used 0-012 p.c., while Burridge 
[1920] added Ca till the heart was beating at a sufficient amplitude. 
(d) The pH was not always controlled, and (e) the concentrations of drug 
employed were often of very different orders. , 
With these considerations in mind the experiments described below 
were performed, their principal object being to re-examine the effect of 
ionic changes on the heart and to determine to what extent these affect 
the action of adrenaline and acetylcholine. | 
Experiments were performed upon the isolated perfused frog heart, 
and repeated upon the isolated perfused rabbit heart’. Frog hearts were 
1 Several guinea-pig hearts also were used; the results were parallel to those on the 
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perfused 88 the posterior vena cava, the fluid escaping through a 
slit in the ventricle. Summer and winter frogs of the species R. temporaria, 
R. esculenta (Dutch), and R. esculenta (Giant Hungarian) were used. 
Rabbit hearts were perfused through the coronary circulation. The 
Ringer’s solution was 


Frog (p. o.) Rabbit (p. o.) 
NaCl ... 9068 


KCl 


varied by adding HCl or NaOH to the solution until the desired value, 


Fig. 1. Perfusion switch. (a) smaller diso; (ö) larger diso; (e) screw; (d) spring washer; 
le) vuleanite tubes on smaller diso; (J) vulcanite tube on larger disc; (g) brass rod for 
‘support. 
as shown by indicators, was obtained. As only very small amounts were 
required, the dilution of the Ringer was inappreciable. 

Perfusion technique was improved by the use of a perfusion switch, 
and a new cannula for the frog heart. 

Perfusion switch (Fig. 1). This was devised by E. D. Portman and 
the author, for the purpose of rapidly and cleanly transferring the heart 
to any one of a number of perfusion fluids. 

Two discs, made of aluminium castings—diameters 7 om. and 9 cm.— 
are fixed concentrically, in as perfect apposition as possible. From the 
centre of the inner surface of the smaller disc a tube passes out at right 
angles, fitting exactly into a cavity of the larger disc, so that a cavity 
runs through the middle of both discs. Into this cavity fits a screw 
carrying a spring washer. 2 cm. from the centre of the smaller disc, six 
equidistant holes, lying on the circumference of the same circle, pass 
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through the whole thickness. Into these holes vulcanite tubes, 0-5 cm. 
diameter, are threaded. In the larger disc, also 2 cm. from the centre, is 
threaded a vulcanite tube, in the same way. 
Opposite each vulcanite tube is a mark, and the 
larger disc can be rotated eo that the mark of the x 
single tube is opposite the mark of any tube of „ 
the smaller disc. When this is done, the cavities ba 8 
of both tubes are co- extensive. Each tube of the 
smaller disc is connected with a given perfusion 
solution, and the tube of the larger disc to the 
cannula. A firmly attached brass rod fixes the 
switch to a stand. The switch reduces dead space, 
prevents the mixing of fluids, and allows of rapid 
transference to the heart of fluid of any required 


a 
composition. 
- Cannula. The construction is obvious from 


Fig. 2. The advantages are that (1) the fluid ° | 
expelled from the heart does not fall upon the Ne AS 5 
recording lever; (2) this fluid flows down over the 5 fiuid can be washed 
outside of the heart, and the heart is kept moist our, Through e 
with both surfaces exposed to the same fluid; clots 

(8) fresh fluid enters only a slight distance from “aussie inserted in- 
the heart; (4) washing-out of dead space is simple avs. 

and rapid; (5) clots are easily removed. | 


Part I. ADRENALINE, HYDROGEN ION CONCENTRATION 
AND CALCruM?!, 


For frogs, concentrations of adrenaline 10-7 to 5 x 10-7, and for 
rabbits, adrenaline 2 x 10-’, gave the most marked accelerator-aug- 


mentor effect, and no toxic effect. It was found that R. esculenta (Dutch) 
was less responsive to adrenaline than R. temporaria and that R. esculenta 


(Giant Hungarian) was less responsive than the Dutch variety. Differ- 


ences between the species definitely transcended variations in any one 
species. 
The observation of Burridge and Seth [1929] that 10-’ adrenaline 


1 Abbreviations used: } CaR, 1 CaR, etc. = Ringer containing }, J., etc., normal amount 
of Ca“; O CaR = Ringer containing no Ca'; low CaR = Ringer reduced in Ca 
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was changed into something physiologically inert within 15 minutes could 
not be confirmed for normal Ringer nor for the low CaR used by them. 


Adrenaline and H excess. 3 

Considering the effects of increased H' concentration on the frog 
heart, Salant and Johnston [1924] were confirmed completely. 
Adrenaline 10-7 stimulated the frog heart in acid solutions up to pH 5-5. 
The percentage increase in amplitude and rate caused by adrenaline in 
acid Ringer was greater than that in normal Ringer. There was one pH 
at which the adrenaline effect was greatest (usually pH 6-5 to 7-0). Above 
and below this pH the effect was reduced. Similar results were _— 
on the rabbit heart. 


Fig. 3. Wrog heart. ‘Time in seconds. Tracing first shows the beat in normal Ringer after 
perfusion with Ringer pH 3-8. At arrow (a) Ringer +sdrenaline x is perfused and 


improves the heart considerably. At arrow (ö) normal Ringer is re-perfused and the 
heart is much depressed. 


fer’ Will: 4° v0 4-0 tho beg either did 
not recover at all in normal Ringer, or if it did the amplitude and rate 
were greatly diminished. But on perfusing with Ringer + adrenaline 
after pH 4-0 the heart was quickly restored and beat as the fresh heart 
had done in normal Ringer. On replacing Ringer + adrenaline with 
normal Ringer the heart was stopped completely or much depressed 
(Fig. 3). Perfusion with adrenaline again resulted in a normal beat; on 
changing to normal Ringer, inhibition ensued; and so on. ; 

This result supports the view that adrenaline reduces the potency of 
excess H. Thus Macdonald [1925] found on the fish (Scyllium) that 
after adrenaline perfusion, excess H' depressed the heart less. 


1 All tracings read from left to right, and upstroke is always contraction. The records 
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Acdxenaline and Ca lack. 

The action of adrenaline in low CaR, and 0 CaR, and the adrenaline 
reversal (i. a. adrenaline depression of the heart) of Kolm and Pick [1921] 
have received special attention. It was found that the action of N 
in low CaR varied in different species of frogs. 

Frogs. (i) R. temporaria. (a) Adrenaline 107 to 5 x 107 always gave 
its characteristic augmentor-accelerator effect in 0-009 p.c. CaCl, and 
0-006 p.c. CaCl,. In 0-003 p.c. CaCl, it stimulated in nearly all cases, 
but had no observable effect in a few; in 0 CaR it had usually no 
observable action, but infrequently gave a weak positive effect. No 
evidence for adrenaline reversal was obtained. In low CaR + adrenaline 
the percentage increase in amplitude and rate, over that in low CaR 
alone, was greater than the increase in normal Ringer + adrenaline, after 
normal Ringer, The adrenaline effect was a maximum from 0-009 p.c. 
CaCl, to 0-006 p.c. CaCl,, and above or below these concentrations the 
effect was reduced. 

(d) With higher concentrations of adrenaline the same results were 
nearly always obtained, but very rarely there was an initial marked 
depressant effect in low CaR soon followed by stimulation. 

At all concentrations of adrenaline used there was seen a well-marked 
“overbound” when normal Ringer followed low CaR + adrenaline. _ 

(ii) R. esculenta (Dutch). With high concentrations of adrenaline, 
initial reversal, though more frequent than in R. temporaria, was still 
quite rare. 

(ili) R. esculenta (Giant Hungarian). Adrenaline 10-5 was used, and 
often gave well-marked, augmentor-accelerator effects in low CaR. But 
two other actions were obtained with about equal frequency. In some 
hearts adrenaline was ineffective, while in others its action was de- 
pressant. Some of these reversals of action could not be observed on 
repeating the experiments on the same heart. They resembled primary 
depressions, since they were nearly always followed by the characteristic 
augmentor-accelerator effect. The most striking reversals occurred after 
short perfusions (about 1 minute) with low CaR (Fig. 4). : 

As regards overbound, and adrenaline action in O CaR, R. esculenta 
and R. temporaria were similar. 

Rabbits. Adrenaline 2 x 10-7 was used, and the results followed 
closely those for low concentrations of adrenaline in R. temporaria. 

Discussion. Salant, Washeim, and Johnston [1925] have de- 
scribed the overbound after Ca lack for the frog heart, but not the 
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intensification of overbound after low CaR + adrenaline. Lasareff 
[1918] observed that reduced Ca led to increased adrenaline sensibility. 
The present results confirm this observation and fail to support the 
adrenaline depression in low CaR obtained by Kolm and Pick [1921] 
on the frog heart, and by Claes [1924] on the rabbit heart. Salant and 
his co-workers [1925] and Asher [1926] could not confirm Kolm and 
Pick. The opposing views can perhaps be reconciled thus: Firstly, with 
high concentrations of adrenaline, primary reversal is seen in low 
CaR + adrenaline—as shown by Burridge [1914], Burridge and Seth 
[1929] and also in the experiments described above. Kolm and Pick 
presumably used high concentrations also, since they added “0-2 c.c. 


Fig. 4. R. esculenta. Time in seconds. Heart is first shown perfused with }CaR. At the 
first arrow, } CaR + adrenaline 10 is perfused, and the heart is depressed. At second 
arrow, $CaR alone is perfused and the heart improves. 


Tonogen (Richter) to a Straub heart system, and obtained depression 
of the heart in low CaR. Secondly, Kolm and.Pick used R. esculenta 
in which adrenaline depression can be demonstrated more easily than 
in R. temporaria. Thirdly, an acid change in pH would intensify such 
primary reversal. Thus Daly and Clark [1921] showed that the fluid 
inside a frog heart arrested by Ca lack reached a pH of 6-8 in about 
5 minutes. In a Straub system, such a change in pH would tend to 
occur. Finally, according to their published tracings, the hearts used 
by Kolm and Pick were only exposed to low CaR + adrenaline for a 
short time, so that any subsequent positive adrenaline effect would not 
be seen. 

It is concluded that the typical effect of adrenaline is enhanced in, 
reduced Ca”, but that under certain conditions a reversal of the usual 
action of adrenaline can be obtained. | | 
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“Parr II. ACETYLCHOLINE, HYDROGEN ION CONCENTRATION 
AND 
Acetylcholine. 
i Acetylcholine 5 x 10-* to 5 x 107 was used on the hearts of R. 
a (Dutch). On substituting normal Ringer for Ringer + acetyl- 
cCholine the heart rate did not recover fully, but the amplitude generally 
roecovered completely. Acetylcholine 10-8 gave similar results on rabbits. 
A ocetylcholine 107 increased the amplitude of the rabbit heart beat 
(88 p. o.) for a short time. This was followed iby a beat of normal amplitude, 
but of reduced speed. 


OH’ excess. 


Dale and Thacker [1914] concluded that the alkaline limit for the 
origination of the sinus beat of the frog heart was pH 9-5. Several hearts 


Fig. 5. Frog heart. Time in 5 sec. intervals. Heart is first shown perfused with Ringer 
pH 99. At the first stop (where there is an interval of half a minute) normal Ringer is 
perfused. The heart is inhibited. At the second stop there is an interval of 2 minutes. 

‘a The heart recovers, is inhibited once more, and finally makes a lasting recovery. 


in these experiments functioned adequately at pH 9-9. Dale and 
Thacker, however, buffered their Ringer with boric acid and sodium 
acetate, while in the present experiments bicarbonate and acid phosphate 
a After perfusion with Ringer pH 9-9 for 10-15 minutes the beat 
although depressed was still substantial. On transferring to normal 
_ Ringer there was, in every case, immediate and complete inhibition of 
the heart. This lasted up to 3 minutes, after which there was spontaneous 
but gradual recovery, and after several minutes the beat was normal. 
In view of the striking resemblance to the well known K paradox,” 
5 1 Abbreviations used: 1 KR, } KR, etc. Ringer containing 3, }, etc., normal amount 
of K '; 0 KR- Ringer containing no K“; 
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this effect may be called the “ OH’ paradox” (Fig. ö). The OH’ paradox” 
was more frequent and pronounced than the K paradox.“ 
On rabbit hearts, similar results were obtained. 


Acetylcholine and OH" excess 

Frogs. The effect of 5 x 107 acetylcholine on R. esculenta (Dutch) 
was determined at pH 8-6, 9-1, 9:5 and 9-9. From pH 8-6 to 9-5 the 
hearts were either depressed to the same extent and as rapidly as at 
pH 7-4, or the higher the pH the weaker was the action of the drug. 
At pH 9-9 all the hearts were least affected by acetylcholine: the ampli- 
tude was often unaffected, while the rate was slowed up to 35 p. c. of 
that in pH 9-9. This was not due to a tolerance to the drug, since in 
pH 7-4 following pH 9-9, acetylcholine powerfully inhibited the heart. 
Often after Ringer pH 9-9 + acetylcholine and occasionally after Ringer 
pH 9-5 + acetylcholine, perfusion with normal Ringer caused immediate 


and complete inhibition of the heart lasting up to 3 minutes, followed by 


recovery. In some cases there was a second period of inhibition, but 
finally lasting recovery was invariably obtained. This effect was more 
intense, more frequent, and obtained at a lower pH than the OH- 
paradox” and may be termed the “OH’-acetylcholine paradox.” 

Rabbits. Acetylcholine 10~* was used in Ringer of pH 8-0 to 9-5. At 
pH 9:5 acetylcholine had least inhibitory action, and in one instance 
actually improved the heart. The “OH’-acetylcholine paradox” was 
always observed after pH 9-5. 


The results of Andrus [1924] and Clark [1926] were also generally 


confirmed. 
Acetylcholine and K lack. 


Frogs. Acetylcholine 5 x 10-7 was used on R. esculenta (Dutch). 
Acetylcholine was less effective in low KR, and in one concentration of 
low K (usually 4 KR or } KR) acetylcholine was found to be least 
effective. That is, although it reduced the heart beat somewhat in 
amplitude and rate the beat was still substantial, and in striking contrast 
to the marked depression of amplitude and rate in normal: Ringer 
(Fig. 6). 

That this diminished action was not due to an acquired tolerance to 
the drug was shown by the effectiveness of acetylcholine in normal 
Ringer later and by the fact that at still lower K concentrations the 
action of the drug was more marked. “Paradoxes” in normal Ringer 
after low KR + acetylcholine were well marked and numerous. They 
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were obtained not only after 0 KR but after }KR, $KR and }KR 
(all + acetylcholine). 
Rabbits. The results were similar to those on frogs. 
Clark [1927] found that reduction in K increased the action of 
acetylcholine on frog’s isometric ventricle. He stated that this effect 
was opposite to that which might have been anticipated, but that several 


Fig. 6. Frog heart. Time in 5 sec. intervals. (a) Heart first perfused with normal Ringer; 
the effect of acetylcholine .—' ., is shown. (b) The same heart is shown perfused 
with }KR. The stop represents } minute interval. The }KR is then replaced by 


R + acetylcholine» G- Compare the effect of acetylcholine with that in (a). 


observers had noted that this ionic change increased the action of the 
vagus. What was actually observed was that K lack first augmented 
but finally abolished the action of the vagus—Asher [1923], Ten Cate 


© 11924, Zwaardemaker and Lely [1917]. Clark’s conclusion from 


these that decrease in K increased the sensitivity of frog’s heart to 

vagal stimulation” cannot be accepted without qualification. The present 

results seem more in agreement with those of the observers mentioned. 
29—2 
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Clark in the same experiments found that alkalinity reduoed the action 
of acetylcholine—a result which the present experiments confirm, 


CoNcLUSIONS. 


The experiments described above show that the species of frog and 
the ionic medium are of great importance in determining the magnitude 
and direction of the response of the frog heart to adrenaline and acetyl- 
choline. It has been shown that several conflicting statements can be 
reconciled by consideration of these factors. 

The experiments also show that acetylcholine is less potent in low K,, 
and OH’ excess; and adrenaline more potent in low Ca”, and H excess. 
The former drug is least potent in low K and at pH 9-9; the latter 
most potent in low Ca”, and pH 6-5. Acetylcholine intensified the 
paradox after low K, or OH“ excess, while experiments showed that 
adrenaline intensified the “overbound” after low Ca and H excess. 
Thus the action of acetylcholine is modified in the same way whether 
the ionic change is reduction in K or an increase in OH’, while the action 
of adrenaline is influenced in the same direction whether Ca be reduced 


or H' increased. Also, the action of 1 is influenced i in the 


Summary. 


hearts. 
1. A perfusion switch and a frog heart cannula for heart perfusions 
are described. 


2. R. esculenta is less sensitive than E. temporaria to adrenaline; and 


high adrenaline concentrations in Ringer of low Ca” content can cause 
initial depression of the esculenta heart. 

3. The stimulating effect of adrenaline is enhanced in low Ca con- 
centration and H excess; acetylcholine has a reduced inhibitory effect 
in low K concentration and OH’ excess. 

4. After perfusion with Ringer pH 9-5 (rabbit heart) and pH 9-9 
(frog heart) an “OH’ paradox” similar to the K paradox is seen. 

5. After the frog heart has been perfused with Ringer pH 4-0 to 4-5, 
there is practically no beat on changing to normal Ringer. In normal 
Ringer + adrenaline, however, a normal beat is obtained, but the heart 
stops again in Ringer without adrenaline. 


| and help. 


Unless otherwise stated results apply to both the fog and rabbit 
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THE REGENERATION OF VISUAL PURPLE: ITS 
RELATION TO DARK ADAPTATION AND | 
NIGHT BLINDNESS. 


By KATHARINE TANSLEY}. 


(From the Department of Physiology and * 
University College, London.) 


INTRODUCTION. 
Tun duplicity theory explains the striking differences between the 
reactions of the eye to illuminations above and below 0-01 f.c. by assuming 
that the cones are responsible for vision at high illuminations and the 
rods for vision at low illuminations. Further, it ascribes the reactions of 
the rods to low illuminations to the bleaching of the photochemical 
substance, visual purple. 

In the eye visual purple is bleached by light, but reappears slowly in 
the dark (Kühne [1877] found three hours necessary for regeneration 
in the frog); at the same time the eye becomes slowly more sensitive 
during a stay in the dark and therefore, since the photochemical effect 
of a given amount of light is proportional to the concentration of the 
light-sensitive substance, it seems probable that the regeneration of 
visual purple is responsible for dark adaptation. Most of the workers 
on dark adaptation have confined themselves to a study of the subjective 
changes which occur, and up till now there has been no attempt at a 
quantitative study of the regeneration of visual purple which might link 
up the two phenomena more satisfactorily. This paper is a description of 
an attempt to obtain a curve of the regeneration of visual purple from 
rats during a stay in the dark, and to compare this curve with that of 
normal dark adaptation. 

The condition known as night blindness is in many cases simply a 
failure in dark adaptation, though whether the failure consists of a 
slowing-up of the process, in which case the patient would merely take 
longer to reach the normal level, or whether the normal level is not 


* Working with a grant from the Medical Research Council (Physiology of Vision 
Committee). 
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reached at all is not clear. Probably both types of failure occur. v. Kries 
[1896] considered that night blindness was caused by a failure of the rod 
apparatus just as complete colour blindness was due to a failure of the 
cones. Parinaud [1881] did a good deal of work in the light-sense and 
colour-sense in night blindness and considered that the relation between 
these two formed one of the most essential supports of the duplicity 
theory. He believed the poor dark adaptation in this condition to be 
due to a faulty regeneration of visual purple which prevented the eye 
from reacting to low intensities. 

One common cause of night blindness is now known to be vitamin A 
deficiency, and it readily yields to treatment with cod-liver oil. The 
complaint has always been common among peoples living under poor 
conditions and the use of liver as a traditional cure is very widespread. 
The earliest reference we have is in Eber’s Papyrus [see v. Leers um, 1924] 
dated about 1500 B.c. It was also recommended by Hippocrates. 

Night blindness has received very little attention in the laboratory, 
probably owing to the difficulty of demonstrating the condition in 
animals. Holm [1925] showed that vitamin A-deficient rats would not 
jump off a pedestal on to a dimly lighted shelf where normal rats showed 
no difficulty, and Sugita [1925] found that deficient rats could not find 
their way out of a dark box when the illumination on the exit was low, 
but had no difficulty when it was raised. Control animals escaped easily 
at the low illumination. | 

Since vitamin A deficiency certainly causes night blindness in man 
and probably also in animals one would expect it to affect the production 
of visual purple in the retina of the dark-adapted animal. Work on these 
lines is made extremely difficult by the fact that the colours of the retinæ 
have to be compared in the light, in which they are rapidly bleached. 
Yoshiere [1925] working on dogs attempted to compare the retinz of 
vitamin A-deficient animals after 1 hour in the dark with those of normal 
animals under the same conditions. He was unable to get any results 
owing to great variations in colour in the normal retine. Fridericia 
and Holm [1925] were more successful. They used albino rats and 
compared the retins not with each other, but with a modification of 
Garten’s [1906] colour chart. They found a gradual increase of visual 
purple in both normal and deficient animals during a stay of 3 hours in 
the dark. At any time during these 3 hours there was always less colour 
in the deficient retinz than in the controls. They found, however, that 
after 12 hours in the dark there was no difference between the two types 
of retina. These results support the view that the failure in dark adapta- 
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tion, at least when induced by vitamin A deficiency, is merely one of 
retardation and that the normal level will be reached in time. 

Further work on these lines obviously requires a better method for 
the estimation of the retinal content of visual purple, and for this purpose 
a solution of visual purple is necessary. In this investigation observations 
have been made on the effect of vitamin A deficiency on the visual 
purple content of the retinew of albino rats. By making extracts of visual 
purple from animals which have been in the dark for varying periods 
after light adaptation and measuring the density of these extracts by 
the photographic method devised in collaboration with Lythgoe [1929], 
it has been possible to plot regeneration curves for both deficient and 
normal rats. The description of this work will be divided into two parts, 
one dealing with the method of making an extract of visual purple, and 
the other with the way in which the regeneration curves were obtained. 


Part I. THe EXTRACTION OF VISUAL PURPLE. 


Kühne extracted visual purple from the eyes of frogs by removing 
the retinew, treating them with a bile-salts solution and filtering off the 
debris, but this method is useless for quantitative work since only a 

fraction of the visual purple is obtained. Hecht [1920 ö] improved this 
method by centrifuging down the debris. He was able to obtain quanti- 
tative results on his solutions. Both Hecht and Kühne used sodium 
glycocholate as an extractive, and both are emphatic that it must be 
specially pure, in the form of a white powder that will dissolve in water 
to give a clear, colourless solution, and that commercial preparations are 
useless. Unfortunately neither gives experimental details for the pre- 
paration of this pure form, and none of the preparations obtained was 
satisfactory as an extractive. 

Certain specific properties (hemolytic and cytolytic) of bile salts are 
shared by the glucosides saponin [Ponder, 1924] and digitonin [Loeb, 
1913], and it was found that both these substances will extract visual 
purple from the retina. Of the two digitonin is the more powerful 
extractive and is also more convenient in use, since it will dissolve in 
hot water to give a clear, colourless solution which will keep for any 
length of time. Saponin solutions have to be kept in cold store and even 
then become acid on standing. | 

For the following experiments, therefore, a 2 p.c. solution of Merck’s 
digitonin in water was used. The digitonin is dissolved by boiling it with 
water. After several days it may reprecipitate and also become acid by 

absorbing CO,, but it can be restored to its original condition by boiling. 
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Using such a digitonin solution practically all the visual purple can be 
extracted from the retina. 

Visual purple cannot be extracted from the retinal tissues by simple 
osmotic cytolysis—distilled water, even after several hours’ application, 
has no effect whatever. Kiihne showed that the ordinary extractives 
in use in biochemical work (e. 9. alcohol, chloroform, ether) destroy the 
purple colour. This is also destroyed if the solution is made markedly 
acid or alkaline, the best results are obtained at pH 7-0. Bile salts and 
saponin are powerful hemolytic agents which not only rupture the 
envelope of the blood corpuscle but also completely destroy the organized 
elements of the cell—“stromatolysis” [Ponder]. The power of lowering 
the surface tension of a solution is also common to these two substances 
and digitonin, but it was found that the extraction of visual purple does 
not seem to be correlated with the surface tension of the solution. 
Ponder also found that the hemolysis of the red-blood corpuscle by 
saponin and bile salts is not dependent on the surface tension. 

There is also some evidence that the effect of temperature is similar 
in the two cases, The rate of hemolysis by saponin is greatly increased 
by raising the temperature, and it was also found that the extraction of 
visual purple took place more quickly at 30° C. than at 15°C. If the 
temperature is raised above 30° C. proteins, which are also present in 
the solution, coagulate. It would seem, therefore, that the extraction 
of visual purple from the retina and the hemolysis of the red-blood 
corpuscle with subsequent stromatolysis are similar processes. 

The extraction of visual purple from rats’ eyes. 

Nine albino rats (Wistar strain obtained from the Glaxo laboratories), 
of average age 80 days and average weight 105 g., were put into the dark 
overnight. Each animal was lightly anesthetized with chloroform and 
its back broken. The retina was removed from each eye and dropped 
immediately into 1 c. c. of freshly boiled 2 p.c. digitonin solution in a 
small test-tube. 

The retina can easily be removed from the eye without taking the latter out of the 
head. The points of a pair of fine curved forceps are inserted behind the eyeball, which is 
thus made to protrude and at the same time kept steady. While the forceps are held in 
position the cornea is cut away with scissors. Usually the lens comes away with the cornea, 
but if it does not it may be picked out with forceps. The retina can now be lifted out of the 
eye. An advantage of this way of removing the retina is that the compression of the blood 
vessels and optic nerve by the forceps prevents blood getting into the preparation. By this 
method both retins can be taken out of a rat in under 2 minutes. 

The retins were stirred up and kept in a thermostat at 28°C. for 
1 hour. The retinal debris was then separated by centrifuging for 
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10 minutes at 2000 r.p.m., and the supernatant fluid containing the 
visual purple poured off. All work, including centrifuging, was carried 
out in a dark room with a red light (Wratten filter No. 70). 

The solution obtained by this method is deep red in colour and quite 
clear. It bleaches to a light yellow in daylight. This solution cannot be 
made to regenerate its colour in the dark. 

Digitonin solution can also be used to make preparations of visual purple from frogs’ 
eyes. In this case the frogs were killed by cutting off the head behind the eyes as in a 
decerebrate preparation. The head was divided by a longitudinal out between the eyes 
and the retina removed from each eye in situ as in the rat preparation. Visual purple 


solutions obtained from frogs are not suitable for estimation by the photographic method, 
as they are usually contaminated by a small amount of black pigment from the choroid. 


Part II. THE REGENERATION OF VISUAL PURPLE. 


The regeneration curves were obtained by plotting the density of the 
visual purple extract obtained from a batch of rats against the length 
of time for which the batch had been in the dark. Each batch was light 
adapted before being put into the dark. The first value was obtained 
immediately after light adaptation and the final value after a whole 
night (17-19 hours) in the dark. 

Rats were used because so much is known about their dietary 
requirements, and it is easy to induce vitamin A deficiency in them. The 
albino eye gives a good extract of visual purple free from pigment and 
can also be light adapted without the use of atropine to dilate the pupil 
[Fridericia and Holm]. 

Method. 


The rats used were of the Wistar Institute Tyler strain, bred in the 
Glaxo research laboratories. They were about 27 days old when they 
arrived and were put straight on to the special diet. Batches of nine 
animals were used with the litters and sexes represented as evenly as 
possible in each. Both lots were put on to the vitamin A-deficient diet 
which was made up as follows: 

Rice starch (heated at 105° C. for 12 hours) 70 g. 


Glaxo casein (tested for vitamin A oe, 20 „ 
Salt mixture 


Dried yeast (to vecvide: B) 5,, 
Each animal was also given 0-01 mg. eee 
paraffin twice a week to provide vitamin D and each control animal 


drop of oll pat day. Rats do not 
require vitamin C. 
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As soon as the mean weight of a batch of rats showed a definite fall 
as compared with the controls, the animals were taken for an experiment. 
This loss of weight occurred after about 49 days. Xerophthalmia was 
unusual, but eyes which showed even a slight degree of corneal opacity 
were discarded, since this interfered with light adaptation. 

The apparatus used for light adapting the rats consisted of a wire 
platform supporting the cage containing the rats, lit from above and 
below through ground glass. In order to prevent the temperature inside 
from becoming too high (above 25° C.) the platform round the cage was 
packed with ice and there was an electric fan on the platform. The water 
from the melting ice, together with the rats’ droppings, fell through the 
wire and between two slanting sheets of glass into a pan on the floor. 
The fourth side of the box was detachable so that the rats were easily 
put in and taken out. The inside walls were painted white. The illumina- 
tion on the rats’ eyes was about 400 f. c. It was found that 4 hour inside 
this box was sufficient to cause almost complete bleaching of the animals’ 
retine. The rats did not seem to mind the light ond kept their eyes open 
during their stay in the box. : 

All nine animals were placed in the box and after } hour the first 
one was removed into a small numbered cage and taken into the dark 
room. Three minutes later the next was put into the dark and so on. 
After the required interval (e.g. 2 hours) in the dark the first rat was 
killed, its retinas removed and put into the digitonin solution, and 3 
minutes after the death of the first animal the second was killed. In this 
way each individual was in the dark for exactly the right length of time. 

As soon as the extraction was completed the solution of visual purple 
was transferred to the cell of the photographic apparatus and three 
photographs taken of it. The visual purple, still in the cell, was then 
bleached in daylight and three more plates exposed. Thus, each point 
on the curve represents the difference in density between the unbleached 
and bleached solution. The depth of the cell used in these experiments 
was 1-15 cm. 

Five points were taken for ah curve: immediately after light 
adaptation, after } hour, 1} hours, 2 hours, and 4 hours in the dark. Each 
point was repeated once. Each control batch was used as soon as possible 
after the deficient one—usually on the following day. 

The complete set of readings for both curves was repeated some 
months later. In this second series of experiments it was surprising to find 
that the amount of regeneration was consistently less than in the first 
series, but for both normal sets the general shape of the curves was the 
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same. The possible reasons for this discrepancy between the results for 
the two series will be discussed later. } 


Results. 


The results of both series for normal rats are given in Table I exactly 
as they were obtained—those for deficient rats in Table II. In Tables III 
and IV the normal and deficient values for the quantity of visual purple 


dark and these values are corrected, first, for the number of eyes used 
and, second, for the age of the rats when they were killed. 
Tann I. Quantity of visual purple extracted after varying times in the dark, 
Initial light adaptation; 30 min. to 400 flo. illumination. 
Normal rats 
1 2 3 4 6 
of visual 
ar 
— 
of three of three between 


Number in dark 
Date in of rats ([mins.) readings) readings) cols. 5 and 6)f 
lst series 
15. x. 29 — 9 2-5 2-16 1:94 0-22 
25. x. 29 —. 9 2-5 1-92 1-80 0-12 
13. xi. 29 84 9 30 2-94 2:17 0-77 
23. xi. 29 93 9 120 5-16 3-16 2-00 
26. xi. 29 84 x 30 3-49 2-55 0-94 
29. xi. 29 91 Bie 120 4-58 2-60 1-98 
6. xii. 29 15 71 240 2:20 1-82 
13. xii. 29 76 4 75 5-10 3-49 1-61 
21. xii. 29 73 9 75 4-97 3-38 1-59 
23. xii. 29 71 9 240 5-89 3-79 2-10 
— — 9 1140 4˙87 2-62 2:25 
2nd series 

20. iii. 30 83 74° 75 3-09 1-98 1-1l 
21. iii. 30 72 8 30 2-79 2-31 0-48 
15. iv. 30 78 9 240 3-64 2-04 1-60 
24. iv. 30 72 8 240 3-79 2-28 1-51 
24. v. 30 87 9 1140 4-91 3-24 1-67 
13. vi. 30 70 9 120 2-10 1-26 
17. vi. 30 87 9 75 3-59 2-55 1-04 
3. vii. 30 86 9 120 409 2-63 1-46 

3 that Beer's * holds in this case, these figures are proportional to th” 

concen 


The first correction was based on the assumption that the visual 
purple is distributed evenly between the retinal tissues and the digitonin 
solution when in the test-tube, and that the average volume of one 
retina is 0-016 c.c. | 


obtained are given in order of the time for which the rats were in the 
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Initial light adaptation; 30 min. to 400 f. c. illumination. 


Vitamin A-deficient rate 
1 2 3 4 5 7 
Density of of 
un — 


Date in days ol rate (mins. ) readings ) cols. 5 and 6)t 
Ist series 
12. xi. 29 83 9 27 2-17 1-64 0-53 
22. xi. 29 92 8 120 3-75 2-24 1-61 
25. xi. 29 83 9 27 3-21 2-60 0-61 
28. xi. 29 90 8 120 4-01 2-52 1-49 
5. xii. 29 74 8 240 2-58 1-87 
20. xii. 29 68 8 240 2-52 1-54 
24. xii. 29 76 y 75 3-96 2-85 1-11 
2nd series 
18. iii. 30 81 8 15 2-34 1-59 0-75 
19. iii. 30 70 7 30 1-89 1-78 0-11 
14, iv. 30 77 74* 240 2-89 2-13 0-76 
23. iv. 30 71 9 240 1-66 1-32 0-34 
23. v. 30 — 7 1050 3-31 2-25 1-06 
11. vi. 30 9 120 1-59 168 -0-09 
* One rat with 
— r’s w holds in this case these figures are proportional to the 
concentration. 


A A further correction must be made for the age of the rats at the time 
of the experiment. Jackson [1913] has shown that the weight of the 
eyeball varies with the age rather than with the weight of the animal, 
particularly under poor conditions of nutrition. A graph was constructed 
from Jackson’s results on the variation of the weight of the eyeball 
with body weight—these have been confirmed at the Wistar Institute 
Donaldson, 1924]. For body weight the corresponding age in days for 
normal animals was substituted as found by Donaldson, and for the 
weight of the eyeball a value for the area of the eyeball (weight#) was 
substituted. The correction to a standard age of 80 days was then read 
off directly from the graph. 

The final corrected values were plotted against the time in the dark, 
the curves for both deficient and normal animals of the first series are 
plotted in Fig. 1, for the second series in Fig. 2. It will be seen that in 
every case the value for the deficient rats is well below that for the normal 
rats taken from the same litters. 

In order to be sure that a high value for the visual 3 extract 
did not merely mean that a larger proportion of the retins had been 
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1 2 3 4 19 a 
Time in dark (hours) | 1 


Fig. 1. The regeneration of visual purple in animals kept in the dark for different periods. 3 
from the equation for a bimolecular reaction. | 2 


O 


0 O 
Time in dark (hours) 


| Mig. 2 Similar to Fig. I. 2nd series, © normal rats: © vitamin A-deficient rate. 
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Tam III. Corrected values for the quantity of visual purple extracted. 
Normal rats 
7 1 2 3 4 5 6 


Density of 8 Densities cal- 


in rected for for 
(min.) — 1 number of rats Ke} K- (42) 


25 0-22 0-22 Exactage 0-14 0-09 
30 0-77 0-77 0-75 1-04 0-86 
75 ‘1461 1-61 1-64 1-61 1-58 

120 1-98 1-98 1-89 16% 1.02 


1140 2-25 2.25 Exact age 2-46 2:25 


30 0˙48 0-53 055 0-70 0-58 


120 1-26 1.20 12 137 1.38 
240 1-60 1-60 1-61 162 1-64 
1140 1-67 167 1-66 101 1-70 


removed, the test-tube with the digitonin solution was weighed before 
and after the retins were added. It was found that there was no 
difference between the average weights for normal and deficient retin. 
The actual values, which remained very constant in fourteen 

were 16, 16, 15, 16, 13, 15, 17, 18, 16, 19, 15, 15, 16 and 18 mg. 

The remarkable agreement between the results of the first series is, 
of course, an accident. It is impossible, considering the errors that there 
from day to day. The readings on the normal curve for the second series 
are distributed in a more likely manner. 


Discussion. 
1 end tha the rsdings 
for the first series were consistently higher than the corresponding 
readings for the second series. Although the actual experiment was 
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7 Tam IV. Corrected values for the quantity of visual purple extracted. 


Vitamin A-deficient rate 
} 2 3 a 5 
Densi of Palue from 
visual el col. 3 further Densities for 
Time Density of solution or- corrected — normal rate from 
in dark visual purple _ rected for for same litters 
(min.) from Table II number ot rats of (Table III) 
Ist series | 
27 0-53 0-53 ~ 0-53 0-75 (30 min. 
0-61 0-61 — 0-60 1-00 (30 min. 
75 1-11 1-12 1-64 
120 1-51 1-66 168 189 
1-49 1-64 1-87 1-89 
240 1-87 2-05 211 2:17 
1-54 1-69: 1-80 2-19 
30 0-11 0-13 0-14 0-55 
75 0-75 0-82 0-81 1-26 
120 0-15 0-15 0-15 1-32 
- 0-09 -0-09 ~0-10 1-42 
240 0-76 0-86 0-87 161 . 
0-34 0-34 0-36 1-72 
1050 1-06 1-18 1-15 1-66 (1140 min.) 


carried outin exactly the same way in the two case, there was a variation 
in the previous treatment of the rats. The second series was done in the 
spring, the room was well lighted and its temperature constant at 21° C., 
whilst the first series was done in the autumn, the animals were habituated 
to a lower illumination in a darker room and the temperature was mower, 
varying between 10° and 17° C. | 

Rats, even at maturity, have a poor mechanism for the regulation of 
their body temperature, and animals brought from a cold to a warm 
room will show a higher temperature than those habituated to the warm 
room. It was thought possible, therefore, that the rats which were kept 
at a lower temperature might show an increased metabolism in the 
higher temperature of the light box and dark room compared to those 
which were used to a temperature of 21°C., and that this increased 
metabolism might accelerate the regeneration of visual purple. Some 
experiments in which the body temperatures of a set of rats were taken 
under both conditions showed, however, that although the “cold” rats 
did show a higher mean temperature in the dark room than the warm 
ones, the difference (about 0-7° C.) was not sufficient to account for the 
differences between the two curves. 


It is possible that an eye which is accustomed to a high illumination. 
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and, therefore, to a continual bleaching of the retina, may have its 
capacity for regenerating visual purple impaired, If this were so one 
might expect the amount of visual purple produced in such an eye in 
the dark to be less than that produced in an eye habituated to a lower 
illumination. There is a theory, for instance, that night blindness is due 
solely to a continual bleaching of the retina by bright lights, e.g. the sun 
reflected off snow or water, and that it can be cured by keeping the 
patient in the dark for some hours [Netter, 1858, 1863]. 

The difference between the two sets of results for the deficient animals 
of both series is very striking. In the first series they show a steady rise 
to a value (after 4 hours) very close to the normal, while in the second 
series they do not fall on a curve at all but are merely a set of isolated 
points, some of which are extremely low. This discrepancy is, I think, 
due to the fact that the figures represent the values for different degrees 


of deficiency. In a batch of nine rats, however uniformly they are 


treated, it is impossible to get all the animals to the same stage of 
deficiency at the same time. One or two animals may die while some are 
still gaining in weight, and in nearly every case, although the average 
for the batch had begun to fall, there were a few animals still gaining 
in weight}, 

In my opinion, the rats of the second series were more deficient than 
those of the first, and this, together with the changed conditions of 
temperature and illumination, may account for the much lower values 
of this series. These results show that a method which involves the use 


of more than one animal for each reading is not suitable for work on 


vitamin A deficiency. They also show, however, a qualitative decrease in 
the amount of visual purple in the dark-adapted retina of the deficient rat, 
It may be that vitamin A deficiency causes a slowing of the regenera- 
tion of visual purple varying with the degree of deficiency until, when 
this is sufficient, regeneration is stopped altogether. This view would 
help to reconcile the two theories of night blindness, one, held by Netter, 
Parinaud, and Fridericia and Holm, that regeneration is slowed but 
that the normal value is reached after long enough in the dark, the other 
held by Hess [1909], that the final normal value is never reached at all. 
In this connection it is of interest that several observers, among them 
Forbes [1811], Berry [1886] and Dumas [1889], have reported that 
night blindness may come on gradually, the patient taking a little longer 


nee 


1 The difficulty of obtaining young rats which behave in a uniform manner on diets 
deficient in fat-soluble vitamins has been dealt with by Chick [1926] and Chick and 
Smith [1926]. 
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to become dark adapted each night. In all the cases mentioned by these 5 
authors the night blindness was probably due to vitamin A deficiency. 3 

The normal results for each series are far more consistent for, although 7 p 
the second curve is lower than the first (Fig. 3), they are both of the 1 
same shape. Aubert [1865], Charpentier [1886], Piper [1903] and 1 
Nagel [1911] have all shown that, for the human eye, dark adaptation 3 


begins quickly and, then, after the first à hour gradually slows down. 4 
Unfortunately none of these workers took systematic readings after the 8 
first hour, so that their results cannot be compared with mine. Ach mat ov 


1 


Concentration of visual purple 


Time in dark (hours) : 
Fig. 3. The regeneration of visual purple in normal rats kept in the dark for different 12 
periods. O Ist series: © 2nd series. The curves were calculated from the equation 
for monomolecular reactions. 


[1926] took readings for dark adaptation over a period of 24 hours. He ; 
uses the reciprocal of the light threshold to represent the sensitivity of 4 
the eye (E) at any given time and plots this value against the time in 5 
the dark (Fig. 4). | . 
In a photochemical reaction the amount of breakdown of the sensitive 4 
substance is proportional to the intensity (I) of the light and the con- 3 
centration of substance present, that is, for visual purple 3 

Breakdown EHI r.] (i). 


If the breakdown of visual purple by light is the basis of the stimulation 
of the eye, there must be some relation between the amount decomposed 


* 
7 
ey 
12 
ye? 
ing 
22 
a4 
* 
— — — 
2-0 
* 
7 
© 
3 © 
aa 
2 
4 
4 
E. 
“en 
€ 
£ 
8 
— 
— 
a 
—— 
ag 


REGENERATION OF VISUAL PURPLE. 455 


and the resulting stimulus. The simplest relation that we can assume is 
that a constant amount of visual purple must be broken down to produce 
a stimulus. If the breakdown is kept constant in equation (i) we get 
[v. r. 1/1 
= K"E 
In this calculation an important factor, time, has been omitted. Equation (i) should, 
of course, read 
Breakdown KI Iv. r.]. t (iv). 


Sensitivity of eye (/) 


: i L 
0 1 2 3 * 
Time in dark (hours) 5 
Fig. 4. The dark adaptation of the human eye (Achmatov). I- least illumination 
visible at different times after going into the dark. The curve was calculated from the 
equation for a bimolecular reaction. 


Unfortunately, no dark-adaptation curves appear to have been taken with the time of 
exposure of the stimulating light kept constant so that it is impossible to include the time 
in any calculation based on dark-adaptation readings. However, it seems likely that one 
is justified in neglecting the time factor in connection with these curves since, in practice, 
variations in the time of exposure are probably very small compared to the wide variations 
in intensity. 


Therefore, if this assumption is correct, the sensitivity of the eye is 
proportional to the amount of visual purple present, and a curve showing 
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the change in sensitivity during a period in the dark is comparable to 
a curve showing the change in amount of visual purple under the same 
conditions. It is clear that the curves in Figs. 1, 2 and 4 compare 
very well. 

Attempts have been made further to explain the mechanism of dark 
adaptation in terms of the laws of mass action. Hecht (1918, 1919, 
1927], working on the “dark adaptation” of the ascidian Ciona intesti- 
nalis, the clam Mya arenaria and the lamellibranch Pholas dactylus, 
obtained curves representing the process and he found that these curves 
all had the same equation as that for a bimolecular reaction. It was on 
these curves that he based his theory that the process depended on the 
bimolecular formation of a photochemical substance, although no such 
substance has yet been found in any of these animals. Hecht [1920 a] 
also believes that the formation of visual purple in the dark is a simple 
bimolecular reaction according to the equation 


1 | 


where K is a constant representing the velocity of regeneration, ¢ the 
total time in the dark, A the amount of visual purple after complete 
regeneration, and z the amount of visual purple regenerated in the 
time t. 

If the regeneration of visual purple is a bimolecular reaction my 
results should fall on curves represented by this equation. In calculating 
such a curve from the equation a suitable value for 4 must be assumed 
which will give the most constant value for K. For the first series of 
experiments the best value for A is 2:56 which makes K = 0-009, and 


in the second A = 2-00 when K becomes 0-009 again. The curves cal- 


culated-from these results are given in Figs, 1 and 2, and it will be seen 
that they agree very well with the observed values of x. Therefore, it is 
certainly possible that visual purple is being produced as the result of 
a bimolecular reaction in my experiments and, if this is the case, that the 
velocity of the reaction (K) is the same in both series. | 

It is also possible to fit Achmatov’s results for the human eye for 
the first 4 hours to a curve calculated from the same equation. The curve 
in Fig. 4 is calculated on the assumption that A = 2-8 and K = 0-007, 
the points are Achmatov’s own readings. His later readings, however 
(between 5 and 24 hours), will not fit any curve that can be calculated 
from this equation. 
II in doubtful whether these calculations have any real value in considering the problems 
of dark adaptation. In each series of results there are five points only and each one has 
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a considerable experimental error. The curve of the equation which it is proposed to fit to 
these points is one whose general shape is suitable. This equation contains two constants 
(A and I) whose values are painstakingly adjusted until the best fit is obtained. In making 
the calculations one is surprised at the latitude possible in the values for A which do not 
involve marked inconstancies in the resulting K. It is unfortunate that, in determining 
the probability of given chemical reaction being bimolecular, it is most important to 
have an accurate value for “A.” This can be found in the chemical laboratory, but is 
not possible in this type of physiological experiment unless a very large number of readings 
is taken. It is, therefore, particularly unfortunate that in both curves the experimental 


values corresponding to A are poor. is series I the exact ago of the sate wae unknown 
and in series II there was only one reading. 


It is also possible to fit the experimental values with a curve for a 
monomolecular reaction, that i af | 


where the symbols have the same meaning as in equation (v), K = 0-007 
and A = 2-25 for series I, while K = 0-006 and A = 1-7 for series II. 
The curves plotted from these values are shown in Fig. 3 from which it 
will be seen that the fit is slightly better than for a bimolecular reaction 
equation. An equation of the type (vi) does not exclude the possibility 
of a purely physical reaction such as diffusion under certain conditions. 
The better fit of the theoretical curves in Fig. 3 as compared with those 
in Figs. 1 and 2 is perhaps more apparent than real owing to the un- 
certain values after 19 hours. Until an experimental value corresponding 
to A can be fixed it is impossible to choose between the two forms of curve. 

Altogether, I am unwilling to draw from my curves conclusions which 
are based on mathematical reasoning, since I do not consider that the 
results are sufficiently accurate to allow of such treatment. In any case, 
however, the fact that these curves for the regeneration of visual purple 
in vivo so closely resemble the corresponding part of the curve for the 
dark adaptation of the human eye is certainly very striking. 


SuMMARY. 


3 simple method of extraction of visual purple from the eyes of 
frogs and rats by digitonin is described. 

2. Using this method the course of regeneration of visual purple in 
the rat has been followed. 

3. A comparison has been made between the regeneration curves for 
normal and vitamin A-deficient rats. : 

4. The relation between the normal regeneration curve of visual 
purple and the dark adaptation of the human eye is discussed together 
with a possible chemical mechanism. 
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I have to express my thanks to Dr R. J. Lythgoe for the valuable 
advice and assistance which he iis me Sea aot the course of this 
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Note on a frequency recorder for use with a neon lamp 
circuit. By W. A. Leysnon (London (R. F. H.) 
School of Medicine for Women). 


The neon lamp flashing circuit has lately been used as a means of 
providing repetitive electrical stimulation for nerve-muscle prepara- 
tions (l, 2,3). 

In order to record the frequency of stimulation a special device is 
necessary, since the currents flowing in the flashing circuit are not 
sufficiently great to actuate a physiological time marker of the usual type. 


~ 


N. 


— 


55 


Fig. I. (Plan.) 
hms); 

The apparatus here described consists of a Brown “A” type high re- 
sistance telephone receiver suitably modified’. This instrument is designed 
to respond to currents of the order of magnitude of those in the neon lamp 
circuit. The light aluminium diaphragm is removed, and a short stiff 
pointer firmly fixed to the end of the vibrator reed—a small triangular 
paper writing point being attached to the pointer. 
~ The pointer may be of wood, or a piece of thick brass wire soldered to 

the end of the reed (see Fig. 1). The apparatus could no doubt be adapted 

1 Messrs S. G. Brown, Ltd., kindly supplied me with a telephone receiver thus modified. 
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for photographic recotding by attaching a small mirror to the vibrating 


The recorder may be included (a) directly in the “discharge” part of 
the neon lamp excitation circuit (see Fig. 2, dotted line). This simple 
arrangement is sufficient for some purposes, but since the introduction of 
inductance into the discharge circuit, which already contains a condenser, 
may produce resonance effects at certain frequencies of flashing, an 
alternative arrangement (b) has been set up. (This is shown diagrammati- 
cally in Fig. 2.) The intermittent potential differences developed across 
the charging circuit resistance are applied to the grid of a triode, so that 
the recorder is actuated by the resultant changes in anode current. It is 
advisable to use a condenser or transformer coupling between the lamp 
circuit and the triode, particularly when in the former the mains are used 
as a source of — 


134 


— 0 


This second method of energizing the frequency recorder has the ad- 
ditional advantage that the amplitude of vibration of the reed is not 
appreciably affected by the value of the condenser capacity in the lamp 
circuit, and, further, this amplitude can be regulated to some extent by 
adjustment of the circuit constants of the triode. 
By comparison of the record with that made simultaneously by a 
time marker showing } second the frequency of stimulation can readily 
be obtained; frequencies up to 400 per second have been recorded. 


Or it might be possible to use the intermittent light of the lamp itself. 
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An apparatus of this kind has been in use for some months in the 
Physiological Laboratory of the London (R. F. H.) School of Medicine for 
Women, and has proved quite satisfactory, 
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Mucification in the mature mouse caused by astrin. 
By J. M. Rosson. 


As has been previously shown, the injections of lipoid extracts of the 
corpus luteum of the cow produce mucification in the vagina of the mature 
female ovariectomized mouse. Such extracts after being heated with 
alcoholic KOH for two hours (which process destroys the hormone of the 
corpus luteum causing progestational proliferation, but does not interfere 
with cestrin) can still produce in some cases a similar degree of mucifica- 
tion. Experiments have been made to determine whether the mucification 
produced may be due to the presence of small doses of alpha (cestrin, folli- 
culin, etc.) in the corpus luteum extract. Small amounts of alpha prepared 
from follicular fluid in a manner similar to the preparation of the corpus 
luteum extract were injected for various periods twice daily into mature 
female ovariectomized mice. The animals were killed at the end of the 
period of injection. Sections through the vagina showed that a high degree 
of mucification had been produced in some cases. Preliminary experi- 
ments indicate that the ratio of the doses necessary to produce cornifica- 
tion to that necessary to cause mucification is of the order of 2: 1, when 
the respective amounts of extract are administered within the same od 
and at the same rate. If the injections are spread over a longer period, 
even larger doses of alpha will still produce a high degree of mucification. 
It would appear that the amount of alpha injected daily, and not the total 
quantity given, determines the type of reaction of the vagina. The muci- 
fying action of alpha is thus not restricted to the prepuberal animal. 
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The responses of the excised batrachian alimentary canal 
to certain autonomic drugs. By Davin Epstem, University of 
| Cape Town. (Preliminary communication.) 


Statements regarding the responses of the amphibian alimentary canal 
to autonomic drugs and nerve stimulation appear to be of a conflicting 
nature. 

The excised esophagus, stomach, duodenum, j jejunum, ileum and 
rectum of (1) Xenopus laevis (the South African clawed toad), (2) Rana 
fuscigula and R. fasciata, and (3) Bufo regularis have therefore been 
examined by the present author. Marked differences have been noted 
in the responses of the various genera. 

Xenopus. On the tissues of X. laevis pilocarpine produces a rise in 
tone in all sites except the ileum, where the opposite effect, viz., relaxa- 
tion, is produced. The mechanism of this action is being investigated. 

Arecoline produces contraction of the various portions of the canal, 

while atropine subsequently causes relaxation. The parasympathetic 
system evidently supplies motor fibres to the whole of the digestive 
canal of X. laevis. 
On some occasions ordinary doses of arecoline produce relaxation of 
the stomach and ileum, or contraction followed by relaxation. This 
action can be prevented by the previous administration of atropine. 
The mechanism of this effect has also been considered and two possi- 
bilities emerge, (1) that arecoline may act on the sympathetic inhibitory 
fibres or (2) the parasympathetic nerves to the frog’s digestive canal 
may contain inhibitory fibres. 

Rana. The esophagus and stomach of Rana respond to 
by contraction. The duodenum, ileum and rectum, however, relax, and 
this response can be prevented or removed by atropine. The possibility 
of the presence of inhibitory parasympathetic fibres supplying the whole 
distal part of Rana’s canal and being the cause of this response is being 
investigated. The inhibitory response with arecoline depends upon the 
period of time that the animal has been in captivity. 
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Bufo. The esophagus and stomach react to arecoline by contraction. 
The duodenum, rectum, etc., however, gave very variable responses, and 
this is probably due to the tissues losing their suitability for experimen- 
tation soon after the animals have been caught. 

A noteworthy observation is that physostigmine in ordinary doses 
fails to produce any effect on the tissues so far tested. 

The various tissues of the different genera respond with remarkable 
uniformity to adrenaline by relaxation. Rise in tone with adrenaline is 
rarely seen. 

With ephedrine, on the ihe hand, relaxation of the amphibian 
alimentary tract is never seen, but it is able in suitable dosage to prevent 
the relaxation that is usually produced with adrenaline, and is in some 
cases even able to bring about a reversal effect. Ephedrine is unable to 
prevent the rise in tone or the relaxation produced by arecoline, This 
latter observation again suggests that the relaxation produced with 
arecoline is due to an action of the drug on cairns 6 
fibres. 

The tissue; all respond to barium with contraction. 

The responses of the rectum of Xenopus are so similar to those of 
the mammalian gut, that it might displace it to some extent as an 
experimental tissue for class demonstrations. 


Sinus caroticus and respiratory reflexes. Influence of CO,, 
hydrogen ion concentration and anoxemia. By Jean J. 
BouckaErt, L. DaurREBANDE and C. Heymans. Pharmacological 
Laboratory, University of Ghent. (Preliminary communication.) 


In studying the functions of the sinus caroticus in the reflex regulation 
of the activity of the respiratory centre, it has been observed (1) by two of 
us that: (a) the increase and the decrease of blood-pressure in the isolated 
sinus caroticus circulation produce respectively a reflex inhibition and a 
reflex stimulation of the respiratory centre, (b) the increase and the 
decrease of hydrogen ion concentration in the Ringer solution perfusing 
the isolated sinus caroticus produce a reflex stimulation and a reflex in 
hibition of the respiratory centre, (c) the perfusion of the sinus caroticus 
with asphyxial and over-ventilated blood produces respectively a reflex 
hyperpneea and a reflex respiratory inhibition. 

In the following experiments we(2) have observed that it is the CO, 
and not the hydrogen ion concentration of the perfusing solution in the 
sinus caroticus which has a reflex and a physiological regulatory influence 
on the respiratory centre. 
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In the present experiments we have examined the reflex influence on 
the respiratory centre of under-oxygenated blood acting on the nerve 
endings of the sinus caroticus (bifurcation of the common carotids and 
ganglion caroticum). 

Two dogs, A and B, are anesthetized with chloralosane. In dog B 
the common carotids and all of the efferent branches beyond the bi- 
furcations are tied off, so that the two carotid sinus regions are isolated 
from the circulation and left connected with the animal only by the 
nerves; these isolated carotid sinuses of dog B are perfused with blood of 
dog A; the blood from the carotid arteries of A enters the cephalic ends 
of the common carotids of B and after passing along the carotid sinus is 


returned, via one of the efferent branches (lingual or external carotid) of 


the sinus caroticus of B, to the external jugular veins of A. The blood 
vessels are connected by direct anastomosis by means of Payr’s cannule. 

In these experimental conditions one observes that anoxwmia of the 
perfusing dog A, produced by inhalation of nitrogen, brings about a 


hyperpnoea in dog A, and also a marked reflex hyperpnœa in dog B. Thus 


the perfusion of the sinus caroticus of dog B with “acapnic-anoxic” 
blood produces a reflex stimulation of his respiratory centre. 

In dogs with aortic-depressor and sinus caroticus nerves cut, the in- 
halation of nitrogen or hydrogen brings about only a slight stimulation 
of the respiratory centre; in normal dogs the same anoxemia produces 
on the contrary a marked hyperpnœa. 


REFERENCES. 


1. Heymans, C. and Bouckaert, Jean J. (1930). J. Physiol. 69, 254, Proc. p. xiii. 


Heymans, C. and Bouckaert, Jean J. (1930). C. R. Soc. belge biol. 108, 498. 
2. Heymans, C., . Jean J. and Dautrebande, L. (1930). C. R. Soc. 
belge biol. Nov. 29. 
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Action currents in certain muscles of expiration. 
By H. Taytor and N. B. Taytor. 


The needle electrode system devised by Adrian and Bronk winds 


it possible to record the activity of restricted areas in a muscle, with 
little danger of interference from other muscles. Adrian has shown 


that the activity of the diaphragm and intercostal muscles in respiration 


. can be studied in this way, the amplified action currents being recorded 


optically or converted into sound with a loud speaker. In particular 
the activity of the triangularis sterni during expiration can be readily 


‘distinguished from that of the interchondral part of the internal oblique 
(inspiration) although the two muscles are in close contact. We have 


used this technique to see whether it was not possible to abolish the 
contraction of the expiratory muscles while retaining those of the inspi- 
ratory, i. e. to obtain a type of respiration consisting of inspirations 
only—under such circumstances it would be impossible to regard expira- 
tion as a reflex elicited by an active inspiratory act. The method adopted 
was by the administration of HCN gradually to abolish respiration and 
to observe the expiratory muscles during the stages of pneumotaxis, 
apneusis and gasping which occur with HCN (Taylor). 

Triangularis sterni (before HCN). In a typical experiment no sounds 


are heard in this muscle during inspiration either before or after cutting 


the vagus. Action currents usually appear towards the end of expira- 
tion, their onset corresponding to a definite depression of the thorax, as 
though the muscle came into action to complete the deflation of the 


chest. In some cases the muscle was in action during practically the 


whole of expiration. 

During HCN. As pneumotaxis supervenes the sound becomes 
gradually fainter and finally ceases entirely and complete silence reigns 
throughout the stage of apneusis (Fig. 1). In the gasping stage the tri- 
angularis usually remains inactive, but there is sometimes what appears 
to be an expiratory gasp following the inspiratory and causing a forced 
contraction of the thorax. In the abdominal pneumogram these simulate 
small inspiratory gasps (see Fig. 2). In the final stage of violent gasping 
a sound is usually heard just before the end of inspiration, but its origin 
is uncertain. 
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Abdominal muscles. In no cases could we detect electrical activity 
during expiration when the animal was under chloroform either with or 
without chloralose. Occasionally an — sound occurred with 


chloralose alone. 


Fig. 1. 
Fig. 1. The arrow in b represents 
the last sound heard in the triangularis sterni, with the exception of some very brief 
sounds near the crest in e during inspiration. 


Fig. 2. 
Fig. 2. Abdominal pneumogram. Small waves: protresien 40 eoosenction 
of expiratory muscles of chest. 
Fig. 3. a and b from same experiment: a, complete silence in triangularis sterni; b, as 
in Fig. le. 


Our main conclusion is that in all probability the expiratory 3 
remain inactive during apneusis, which is therefore an entirely inspi- 
ratory phenomenon, but one in which inspiration i is checked presumably 
by a reflex inhibition. 
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A cortical flexor rigidity. By D. M. Buare and R. J. 8. McDowatn- 
(King's College, London). (Preliminary communication.) 


In cats under anesthesia, a stage has been noted at which the hind 


limbs are rigidly extended and the fore limbs rigidly flexed and adducted. 


This stage is observed irregularly under ether or under avertin, but is more 
easily obtained if the two anesthetics are used in combination. This is 
succeeded by a stage of complete extension of all limbs as anesthesia 
deepens, or is preceded by complete extension where the animal is re- 
covering from deeper ansesthesia. These positions are unchanged by 
alterations in the position of the animal or of its head. 

While in the position with flexed fore limbs, removal of cerebral 
cortex on one side is followed by contralateral replacement of flexion — 


by extension in the upper limb. 


It is suggested that these observations have a 3 1 on the varied 
positions of the upper limbs in man associated with lesions in the region 
of the internal capsule. 


An improvised kymograph. By BasupEva 
Prince of Wales Medical College, Patna, India. 


It consists of two to each other 
1 a smoked piece of kymograph paper of variable length according 
to requirement. One of the drums (A) is placed in the slow gear and 
the other drum (B) in the neutral gear. When required for use, A is 
connected to a motor with one or two reducing gears in between. B,being 
neutral, will move at the same speed as A, and the kymograph paper, 
strétched tight between A and B, will revolve at a uniform speed. In case 
reducing gears are not available, one or two Sherrington-Starling 
drums could be introduced between the motor and A. With such a 
device an extremely slow speed has been obtained and a kymograph 
paper sheet only 6 feet long can be run for records for 10 to 12 hours. 
This can be used for research work where slow speed — sod 
also as a students’ demonstration kymograph. 
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A simple type of photoelectric hemoglobinometer. 
By W. A. M, Smart (London Hospital Medical College). 


The object of the apparatus here described is to give a rapid deter- 
mination of the percentage hemoglobin content of a patient’s blood. Only 
a few drops of blood (from a finger stab) are required—about 40 c.mm. 
The blood is hemolysed by being placed in a very small rectangular glass 
cell containing 4 c.c. of distilled water. Light from a powerful lamp is 
first filtered by a suitable glass screen which only transmits the green, 
blue, and violet portions of the spectrum. After passing through the dis- 


solved hemoglobin the light is focussed on the sensitive plate (cathode) 
of a photoelectric cell. The photoelectric current produced (using an 


accelerating potential derived from a small dry battery) is made to 
deflect the coil of a mirror galvanometer. The readings of the latter are 
calibrated in terms of percentage hemoglobin, by comparison with its 
oxygen content. 

The details of the apparatus may be seen by reference to the diagram: 

A, The source of light is an Osram lamp, of 250 volts and 250 watts. 

B. This is a condenser of 6-5 in. diameter. With the lamp distant 30cm. 
from the condenser the image lies about 30 cm. to the other side. The 
area of the image is about that of a square of | in. side. , 


O. The rectangular glass cell, of capacity just over 4c.cm. Into this 


is put 40 C. mm. of blood, and 4 c. om. of distilled water. 

D. This is an iris diaphragm inserted between the hemoglobin solution 
and the cathode of the light cell. It acts as a fine adjustment to com- 
_ pensate for variations in the voltage of the mains. 


Z. The photoelectric cell is one made by the General Electric Com- 


pany, and is of the plane vacuum type, with potassium deposited on 
copper oxide as the cathode. 

F. The cathode on which the light emerging from the n 
solution is focussed. The escaping electrons are caught by the nickel wire 
gauze wrapped round the inside of the cell, and connected to G, the anode. 

H. This is a galvanometer of the D’Arsonval type, resistance of the 
suspension coil 1250 ohms, with 300 mm. deflection per micro-ampere 
at a distance of 1 metre. 


J. The accelerating potential is produced by a small dry battery of 


30 volts, which is sufficient to produce current nearly up to the point of 


saturation of the photoelectric cell. 


K. The frosted glass scale is graduated in terms of percentage hæmo- 
globin, allowing for values running up to 120 p.c. 
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By the insertion of a small strip of coloured glass between the filter 


L and the diaphragm it is always possible to ensure that the instru- 


ment shall give the same reading for the same strength of hemoglobin. 
This glass must of course be standardized in terms of percentage hemo- 
globin. To obtain the particular reading corresponding to this a slight 
regulation of the iris diaphragm is usually all that is required. __ 
adjustment is provided for this purpose. 

The amounts of blood and water are so chosen that readings may be 
taken with an accuracy of about 1 p.. 

During temporary interruptions of the readings an opaque shutter 
will be found convenient. It is also essential to encase the condenser and 
Osram lamp in a tinned iron box to prevent any extraneous, light from 
reaching the sensitive cathode, As the current passing through the photo- 
electric cell is of the order of a micro-ampere at most, the accelerating 


rather 
than set of sccummnlators. 
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Impulses in crustacean nerve associated with pressure ; 
stimulation. By T. BaRNEs. 


In an earlier communication [Barnes, 1930] records of the sensory 
discharge in the nerve of the crab’s leg (Cancer pagurus) were given and 
the nature of the impulses discussed. The work has now been extended 
to include the crab’s claw and the leg and claw of the lobster. The same 
method was used, i. e. amplification of the potential changes and recording 
with a loud speaker or oscillograph. . 

Crozier’s work on Arthropods has shown that there is probably an 
important proprioceptor mechanism in the limbs, and in agreement with 
this it was found that in the crab and the lobster bending the joints in 
the walking limbs and claws produces a discharge of sensory impulses. 
The frequency in the entire nerve may reach 90 per sec. and the discharge 
is roughly proportional to the extent and rapidity of the movement. 
Adaptation is very rapid in contrast to the slow adaptation of the 
muscle tension receptors in vertebrates. This helps to explain the fact 
that it is only during active movement that the direction of the animal 
on an inclined surface is controlled by the proprioceptors [Crozier and 
Kropp, 1928; Barnes, 1929]. The nature of the sense organs stimulated 
by bending the limb is unknown, but the small fringe of hairs at the joints 
will be disturbed at each movement. 

The hairs on the dactylopodite of Cancer pagurus are arranged in five 
distinct groups, two pads of short hairs on the dorsal surface, two rows 
of long hairs at the sides and a central row of long hairs on the ventral 
aspect (see Fig. 1). The innervation of the five groups was worked out by 
recording the discharges in different nerve strands. The larger nerve in 
the carpopodite supplies the larger dorsal pad (A), the lateral row on that 
side and in part the ventral row. The smaller nerve supplies the other 
rows. By further subdivision of the nerves and examination of prepara- 

Tann I. Hair groups. 


Lettered in Fibre 

Fig. 1 Sense organ diameter 

A „%%% Large dorsal tuft 481 
EH (not visible Left lateral row and 

in fig.) + D central ventral row 16-20% 

C Right lateral row and . | 

central ventral row 16-20 

B Small dorsal tuft 48 


tions W with 3 blue it was found that each pad is supplied 
by nerve fibres of characteristic diameter (Table I). Touching each pad 
in the intact animal produces a movement of the limb towards that pad, 
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and it is interesting to find that the movements produced by stimulating 
the larger ventral hairs (16-20, fibres) are more rapid and vigorous than 
those for the dorsal hairs (4-8, fibres). 

The claw also bends towards the side stimulated, touching the biting 
edges (shaded areas in Fig. 2) producing rapid closing, Groups of large 
and small sensory fibres are found in the same way, the shaded area being 
supplied by fibres of 17-20% diam. and the unshaded areas (which 
produce opening) by fibres of 5-9, Here too, therefore, the more powerful 
reflex is initiated by the sensory fibres of larger diameter, The rapid 
adaptation of the receptors in the claw will not necessarily prevent the 
crab from retaining a firm grip on an object held in it, for the slightest 
movement will renew the sensory di ) 

My thanks are due to Prof. Adrian for many helpful suggestions, 


— 


Fig. 1. Rows of hairs on dactylopodite of Cancer pagurus; nerve drawn from 
dorsal view; see text. 
Fig. 2. Claw of Cancer pagurus; touching the shaded sensory areas produces 
closing; touching the unshaded areas produces opening; see text. 
Barnes (1930). This Journ. 69, Proc, p. xxxii. : 
Barnes (1929). J. Gen. Psychol. 2, 517. 
Crozier and Kropp (1928). J. Gen. Physiol, 12, 111. 


Adaptation to light. By H. E. Roar (Depart. of Physiology, London 
Hospital Medical College). (Preliminary communication.) 
Differences in perception of light may be due to alterations in the 
area of the pupil, spread of effect from one part of the retina to another, 
local photochemical interference or central inhibition. 
These factors have been investigated to find out to what extent they 
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affect adaptation to light. The effect of the change in area of the pupil 
can be controlled by the use of an artificial pupil. 

The experiments consist in measuring the threshold for the test light 
and then re-measuring the threshold when a 45° disc of relatively bright 
light was visible at the same time. In the centre of the disc was a small 
unilluminated area. Using one eye, with either foveal or eccentric vision, 
it is possible to measure the effect of illuminating the part of the retina 
surrounding the image of the test light. Using both eyes, by stereoscopic 
prisms, it is possible to test the effect of illuminating the opposite eye 
when the test light appears as if shining either on the brightly — 
surface or on the central dark patch. ; 

Using one eye it is found that for foveal vision there is not ar 
effect from a surrounding illuminated area (threshold raised from two to 
three times its value in the dark) and the effect can be explained as due to 
superimposed illumination by the scattering of light in the eye media. 
On the other hand, for eccentric vision the threshold may be raised about 
2000-fold. This effect, if not due to imperfect formation of optical images, 


may be due to the convergence of a number of receptor paths on a single 


ganglion cell [Cajal]. It is this last effect that Granit has attempted to 
measure [Granit, 1930}, but his method is not satisfactory as it does not 
exclude the effect of scattered light from one disc to another. 

Using both eyes it is found that when the test light appears to be on 
the unilluminated area the threshold is very slightly, if at all, raised. It 
is difficult to decide whether this agrees with Allen’s observations since 
he says that the sensitivity is affected in different ways according to the 
strength of the modifying light [Allen, 1926]. 

When, however, the test light appears to shine on the illuminated area 
the threshold is definitely raised with some combinations of different wave- 
lengths. This points to a central inhibiting process [of. Creed and Hard- 
ing, 1930], and the inhibitions agree with what one would expect from the 
“colour filter” hypothesis of colour vision [Roaf, 1930]. 

The effects when the two lights shine on the same area of the retina 
do not differ from those previously described [Roaf, 1928]. 


Allen, F. (1926). J. Opt. Soc. Amer. 18, 388. 

Creed, R. 8. and Harding, R. D. (1930). J. Physiol. 69, 423. 
Granit, R. (1930). Amer. J. Physiol. 94, 41. 
Roaf, H. E, (1928). Quart. J. Baper. 1 

Roaf, H. E. (1930). Nature, 126, 826. 
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A model of muscle to show contraction and viscous properties. 
By H. E. Roar (Depart. of Physiology, London Hospital Medical College). 


In 1912 a model of muscle was shown [Roaf, 1912] and this was fully 
described in 1914 [Roaf, 1914]. The model was constructed on the view 


Pig. 1. Diameter of cylinder 8 cm. Internal diameter of rubber tube 7 mm. 
i Thickness of wall 1 mm. 

diagram represents the condition when the m has run from the upper 
tor to the lower, thus sucking water from the eylinder and forsing an equal 
tion is small owing to the limited capacity of the rubber tube. One must remember that 
in muscle the anisotropic substance extends right across the fibre, therefore a relatively 
—— eee y greater degree of 


that muscle consists of a series of fibrils embedded in sarcoplasm. Tiegs 
has presented evidence that the anisotropic substance of muscle is 
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arranged in a helix [Tiegs, 1924] and such an arrangement produces the 
same effect as in the model described previously. 

The present model consists of a rubber tube coiled to form a helix 
placed inside a cylindrical container’, the whole being filled with water. 
When water is forced into the coiled tube it tends to open out the helix, 


causing the cylinder to become wider, and if at the same time an equal 


volume of water is removed from the cylinder surrounding the rubber 
tube, the cylinder will shorten as the same volume will be contained in a 
wider, therefore a shorter cylinder, thus simulating contraction. The water 
is transferred by raising one of a pair of aspirators containing mercury. 
As mercury flows from the higher aspirator, water is sucked into it and 
forced out of the lower one. 

The passage of water from the light to the dim bands and conversely 
would account for the viscous properties of muscle. When a weight is 
hung on the model a quick elongation occurs and this is followed by a 
slow elongation as water is redistributed. In muscle one must imagine 
that water is forced through the membranes instead of through the con- 
necting tubes as in the model. 

The model is more realistic than the complicated arrangement of 
springs and “dash pots” sometimes used to illustrate viscosity in muscle 
[Lewin and Wyman, 1927]. 

At the present time it is doubtful elbe lactic acid can be regarded 
as the sole cause of the change in osmotic pressure. It is not necessary 
to assume that there is antagonism between surface tension and osmotic 
effects as surface tension may assist what is represented here as an osmotic 
movement of water. 


Lewin, A. and Wyman, J. (1927). Proc. Roy, Soc. B, 101, 226. 
Roaf, H. E. (1912). J. Physiol. 48, Proc. p. xxxviii. 

Roaf, H. E. (1914), Proc. Roy. Soc. B, 88, 139. 

Tiegs, O. W. (1924), Austral. J. Hxper. Biol. 1, 11. 


1 The cylinder was made of thin rubber. It t have been to 
flexible, inextensible material such as oiled silk, —— 
by three tapes attached to the top and bottom ends of the cylinder. 
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Standardization of the anti-growth hormone of the parathyroid 
glands. By J. H. Tuompson (King’s College and Royal College of 
Surgeons, London). (Preliminary communication.) 

The growth of cress is retarded by extracts of parathyroid glands 
from which the blood calcium raising factor (Collip) has been eliminated 
by precipitation. The rate of growth is proportional to the concentration 
of the extract. Control plants grown on various buffer solutions, cold 


aqueous meat extracts, and the pure calcium factor (Collip) show no 


retardation of the rate of growth. 

By means of a micrometer scale it is possible within 30 minutes to 
determine the difference in rate of growth of the root in distilled water, 
and in weak solutions of the extract. 

Since the above experiments were carried out it has been found by 
Boyd Robson and Latter that similar effects can be obtained from 
of musole. 
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A note on the heat production of blood. By J. B. Barzman, 


Experiments by Ramsey and Warren [1930] appearing to show a 
considerable consumption of oxygen, and presumably a production of 
heat, by non-nucleated erythrocytes, suggest a possible error in Mar- 
garia's [1930] vapour pressure measurements on human blood made 
by the thermal method of A. V. Hill [1930]. 

The heat production corresponding to Ramsey and 8 8 
observed rate of respiration of corpuscles can be approximately calcu- 
lated. Assuming a temperature coefficient of 2-5 for 10° C., the maximum 
and the minimum rates of respiration, observed for rabbit cells at 37° C., 
become respectively, at 20°C., 35-9 and 2-56 mm.“ per 1 g. of moist 
corpuscles per hour. Assuming that 1 c. c. O, = 5 cal., the maximum and 
the minimum rates of heat production are 127 and 9 g. cm. per 1 g. per 
min. The single result given for human cells indicates a heat production 
of 1-6 g. cm. per 1 g. per min., but presumably this might vary as greatly 
as in the case of rabbit cells. 

The error possibly produced in vapour pressure measurements by 
heat production has been estimated by finding the deflection due to a 
known rate of heat production in a film of corpuscles covering one face 
of a vapour pressure thermopile. A thermopile with two silver electrodes 
lying along the upper and lower edges of one face was made for the 
purpose by Mr A. C. Downing, and the calibration was done by the 
method used for muscle thermopiles [A. V. Hill, 1928], both faces being 
covered with filter paper soaked in centrifuged corpuscles. 1 mm. 
deflection was found to be produced by a heat rate of 0-293 g. cm. per 
min.; correcting for differences of sensitiveness, this would be 0-24 g. cm. 
per min. in the ordinary vapour pressure thermopile. The weight of 
corpuscles on the thermopile face was 0-087 g., so that the deflection 
due to the above calculated heat production of rabbit’s blood would be 
between 46 and 3 mm. Consequently an apparent vapour pressure 
difference would exist, between plasma and corpuscles actually at the 


same vapour pressure, equivalent to a concentration difference of 0-04 
to 0-003 p.c. NaCl. 
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The apparent difference was measured as follows. Blood was taken 
from the arm of a man, and after defibrination equilibrated with a 
mixture of 5 p.c. CO, and 95 p.c. oxygen. It was then centrifuged, as 
far as possible without loss of CO,, and the plasma and corpuscles placed 
on opposite faces of five vapour pressure thermopiles, the chambers being 
filled with the 5 p.c. CO,-oxygen mixture. The results of five such experi- 
ments are n below: heat production would give positive readings: 


Mean — 0-0056 0.00 
The mean value is practically zero; it is clear that even in i fool human 
blood the heat production at 20° C. causes no appreciable error in the 
vapour pressure determination. 

An independent test was made of this conclusion by a 5 
measurement of the heat produced by ox corpuscles at about 16˙ C., 
using the differential microcalorimeter devised: by A. V. Hill [1911]. 
The corpuscles were used about 24 hours after death, and the heat pro- 
duction was followed for 30 hours. The curve corrected for heat loss 
showed a practically constant rate of heat production of 1-74 g. em. 
per o. o. per min. during the first ten hours; after this it increased con- 
siderably, the blood obviously decomposing at the end of the experiment. 
This result, during the period of constant heat production, supports our 
previous conclusion, since it would only cause a deflection of about 
0-6 mm. The value is very much less than that calculated from the 
minimum recorded by Ramsey and Warren, in spite of the fact that 
the corpuscles were reasonably fresh at the commencement of the 
experiment: they had been stored at 5° C. before use. : 

REFERENCES. 
Hill, A. V. (1911). J. Physiol. 48, 261. 
Hill, A. v. (1928). Proc. Roy. Soc. B, 108, 131. 
Hill, A. V. (1930). Proc. Roy. Soc. A, 127, 9. 


Margaria, R. (1930). J. Physiol. 70, 417. J 
Ramsey, R. and Warren, C. O. (1930). Quart. J. Exp. Physiol. 20,213. 
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The reproductive cycle in the male ferret. 
By ALLANSON, 

„ 
April to the beginning of August and during the remaining months the 
reproductive organs are in a state of quiescent ancestrus. The male has 
a similarly restricted season of activity, but the quiescent period is of 
slightly shorter duration. While there is a certain amount of individual 

variation, most males are ready for breeding early in February. 

I There is a marked change in weight in the testis, epididymis and penis. 
As in other Carnivores secondary sexual glands are vestigial, and there is 
no periodic movement of the testis. In October the weights of the testis 
and epididymis reach their lowest level, calculated as a percentage of the 
body weight. During November and December the weight commences 
to rise and this continues throughout January and February, to reach a 
peak at the beginning of March. The relation of testis weight and epididy- 
mis weight to the body weight remains very much the same until July, 
but in August there is a fall in the weight of the reproductive organs con- 
tinuing steadily until October. Variation in the weight of the penis shows 
the same periodicity but more individual variation is found. 
This annual fluctuation in weight is closely correlated with the histo- 
logical activity of the testis. In October the testis has a prepubertal 
appearance, the seminiferous tubules being lined only with Sertoli cells 
and occasional spermatogonia. In November the production of spermato- 
cytes has commenced and continues throughout December so that the 
tubules appear completely filled with spermatocytes. Spermatids appear 
in January and by the end of the month or the beginning of February 
ripe spermatozoa are being produced. The epididymis from October to 
January is empty of sperms, the tube is contracted and of small diameter. 
At the beginning of February motile spermatozoa are present in the epi- 
didymis and the tube rapidly attains the appearance characteristic of 
full activity, the tube being distended in its lower segments, the epithelium 
stretched and flattened. 

The diameter of the seminiferous tubules shows a very marked 
cyclical variation, the curve being parallel with the fluctuations in testis 
weight. While it is not possible to state whether there is an annual varia- 
tion in the amount of interstitial tissue present, the volume of the in- 
dividual cells undergoes remarkable changes, correlated with the sexual 
season. The area of the interstitial cell is lowest in November and highest 
in February, when it is nearly three times as great. From March onwards 
there is a gradual falling off in interstitial cell size. 
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neurone follow a more or less regular rhythm, which is independent of the 
stimulus rhythm. When an antidromic impulse is “backfired” into such 
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ES Rhythmic responses of motoneurones. By J. C. Ecotzs and 
H. E. Horr. (Preliminary communication.) 
3 5 Denny- Brown [1929] and Adrian and Bronk [1929] have shown 
5 that in the crossed extensor reflex the impulses discharged from a moto- 
l 


rhythmically discharging motoneurone, Denny- Brown [1929] found 
; ttat the next reflex discharge is set up after an interval which is longer 
; | than the interval between consecutive normal discharges. 
3 These experiments have been repeated using a completely deafferented 
; be oyleus muscle whose motor nerve has been cut down so that there remain 
; only a few intact motor units. The crossed extensor reflex (in a single 
’ motor unit only) has been elicited by stimulation of the contralateral 
‘ popliteal nerve at a rhythm of about 40 per second, and the antidromic 
volley has been set up by a single maximal break-shock applied to thee 

intact motor nerve (popliteal). The intervals between the response to the 
antidromie volley and the reflex responses immediately preceding and 
: succeeding it were measured on the record of the electrical responses of 
the motor-unit and calculated for the motoneurone by allowing for the 
time taken by the antidromic impulse to reach the spinal cord. | 

A series of such observations shows that the shorter the interval be- 
tween the reflex discharge of a motoneurone and the arrival of an anti- 
dromic impulse, the longer is the interval after the antidromic impulse 
before another reflex discharge is set up. The relationship is shown by a 
curve obtained by plotting the interval before the arrival of the anti- 
dromic impulse against the interval after its arrival, both intervals being 
expressed as fractions of the average normal interval between two 
consecutive discharges. 

In six experiments the curve passed through the point 1-0 : 1-0. There- 
fore an antidromic impulse arriving at a motoneurone when a reflex dis- 
charge is on the point of being set up is followed by a reflex discharge at 

aa normal interval. The curve also passes close to the point 0-1: 1-5. In 
to other experiments the interval following the antidromic impulse was 
longer, the curve even being so high as to pass through the points 1-0:1-2 
and 0-1: 1-7, In one of these cases the longer interval was found to be due 
to inhibitory impulses set up from the skin by traction resulting from the 
, muscular response to the antidromic stimulus. In all other experiments 
J 5 special precautions were taken to denervate the skin, and so this com- 
plioation was not present, but the abnormally long intervals in the other 
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case were possibly due to some inhibitory impulses set up by the anti- 
dromic stimulus. These impulses must have passed into the spinal cord 
without traversing the usual segmental dorsal roots, for the 5th, 6th, 7th, 
8th, and 9th dorsal roots were always completely divided. 

Usually the normal rhythm was resumed after the first discharge 
following the antidromic impulse, but in some cases the interval between 
the first and second discharges was shorter than normal (even as short as 
0:1 of the normal interval). The early second discharges were always 
followed by a pause longer than the normal interval. If the interval 
between the first and second discharges is plotted against the interval 
between the second and third discharges (both expressed as fractions of 
the average normal interval), a curve is obtained which passes through 
the points 1-0: 1-0 and 0-1: 1-5, and which appears identical in every 
respect with the curves usually obtained with the antidromic impulse. 
In these cases, therefore, the rhythmic discharge of the motoneurone 
was affected by an antidromic impulse in the same way as by a reflex 
discharge. Experimental evidence has indicated a similar effect with the 
motoneurones innervating tibialis anticus muscle [Besies and Sher- 
1931]. 


Adrian, E. D. and Bronk, D. W. (1929). J. Physiol. 67, 119. 
Denny - Brown, D. E. (1929). Proc. Roy. Soc. B, 104, 252. 
Eccles, J. C. and Sherrington, C. 8. (1081). Proc. Roy. Soc. B, 107, 586. 


Thermionic drop- recorder, By D. T. Hanns. 
The difficulties associated with the operation of the usual types of 
electric drop-recorders can be readily surmounted if only the fouling of 
the short-circuiting electrodes by the passage of heavy currents through 
drops of physiological fluids be prevented. Only a few micro-amperes 
need pass between the electrodes if these be placed in the grid circuit of 
a triode while ample power is available in the plate circuit to operate an 
electromagnetic time marker. 

Where v. 0. mains are available no battery need be used; Fig. 1 shows 
a complete circuit of a Marconi P 2b operating on 200-250 volts. 

L. E. Bayliss has used a similar circuit for operating an electro- 
magnetic counter. 

In order to employ the power available to the best advantage each 

of the coils of the time marker should be wound with the largest number 
of ampere turns; to attain this end, fine enamelled wire may be heaped 
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w until the resistance of each is of the order of that of the valve. Ordinary 
a — bobbins are also very suitable. 


Considerable latitude is 3 in the choice of the oe lealk 
which may be so large as to make the passage of current through the drop 
practically negligible; so small is the time-constant of this grid circuit 
that it may be ignored in comparison with that of the time-marker circuit 
which contains substantial reactance. 


A larger output may be obtained either by doubling the number of 
valves and lamps, arranging them in parallel, or by employing a valve 
with a larger anode dissipation. In order to utilize the mains voltage to 
the full, a grid bias battery of small cells may be called upon to supply 
the excess bias as in Fig. 2. 

Where a.c. mains only are available the cirouit (Fig. 3) designed by 
C. S. Agate is ingenious both from the standpoint of economy and 
simplicity. The valve functions both as an amplifier and half-wave recti- 

| fier. About 15 M. A. are available (Fig. 3) from the standard voltage 230 
4 and frequency 50 ~/sec., for operating the time marker T. The latter 


f 

1 15 Fig. 2. Cirouit for full use of mains voltage. 
8 
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may be rendered more responsive by tuning its resonance frequency to 
50 vibrations per second by suitably weighting it. Instead of responding 
with a single stroke as in the previous types (Figs. 1 and 2) the record 


Fig. 3. The Agate circuit for 4. C. drive. 


produced by the trembling time marker, for each drop uniting the 
electrodes of the dropper D. 

Any of the preceding types can be obtained in a completely assembled 
form from Messrs Baird and Tatlock who can supply a matched time 
| marker oc rewind the colle of an existing time marker to matoh the valve. 


The action of adrenaline on glycogen distribution in cats. By 
C. Lovarr Evans, CIAO Tsar and F. G. Youne. (Dept. of 
Physiology and Biochemistry, University College, London.) * 


communication.) 


Preliminary experiments on rats confirmed the observation by Cori 
and Cori that 3 to 5 hours after subcutaneous administration of adrena- 
line, 0-2 mg. Kg., to rats there was increase of liver glycogen, blood 
sugar and lactate, and fall of muscle glycogen. Similar experiments on 
cats gave equivocal results, because of the variability of liver glycogen 
in fasting cats. In order to obtain more reliable results, experiments 
were made on amytalized, decapitated and decerebrated cats to which 
varying amounts of adrenaline were administered, either subcutaneously 
or by slow intravenous infusion, with varying after-periods. 

Samples of liver and muscle were taken at intervals for glycogen 
analysis and samples of blood for glucose and lactic acid determinations. 
Amytal was used in twelve experiments, but was rejected because it 
caused depletion of liver glycogen without other interference. Two ex-. 
periments were made on decerebrate cats with the left splanchnic cut and 
the right suprarena] removed, and thirteen experiments on decapitate 
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cats, four by subcutaneous injection of 0-2 to 1-0 mg. /kg. and nine by 
slow infusion of 0-15 to 0-57 mg./kg., extending over 1-5 hours, with 
observation from } hour to 6 hours after the end of injection. In all cases 
the only effect of adrenaline during its administration was to lower the 
liver glycogen considerably: in those experiments with slow infusion, in 
which observations were made for several hours after cessation of adrena- 
line injection, there was generally a slow return of the liver glycogen to 
the initial level, but this was no greater than would have been obtained 
without adrenaline. The following are typical experiments: 


Ep. 95. Cat. 3 kg. Fasted 42 hours. 
Liver Musole 
Time | glycogen glycogen 
9.8 eee eee eee 2-38 


0-74 
169 0198 


5000 657 ) fig. 
43-415 031 029% 0-331 


Exp. 105. Cat. 3-2kg. Fasted 45 hours. 
Liver Muscle Blood 


12.2-12.10 0-87* 0.260 0-018 
12.10-1.26 Slow | 


1:25000 (11-0 O15 fag. 
0. .) = 
1.31-1.52 0-13 0-354 0-019 


5.5-5.13 1.64 0,282 0001 
6.36-6.37 * 2-04 — 0.177 


C + = quadriceps extensor. 


Conditions affecting the liver glycogen in experimental animals. 
By C. Lovarr Evans, Cutao Tsar and F. G. Youne. (Dept. of 
Physiology and Biochemistry, University College, London.) e 


communication.) 


Liver and muscle glycogens, also blood sugars and blood lactates, were 
determined, under a variety of experimental conditions, in cats fasted for 
16-48 hours (usually about 43 hours), in order to examine the conditions 
under which glycogen could be stored in the liver. Glycogen distribution 
was found to be uniform in different lobes of the liver: Fifty-five duplicate 
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samples of left principal lobe gave 1-078 +. 0-054 p.c., and fifty-five dupli- 
cates from corresponding right principal lobe gave 1-054 + 0-061 p.c. 
Other lobes less frequently used gave similar figures. 

The liver glycogen of 24-48 hour fasting unanesthetized cats, killed 
by pithing the medulla and immediate decapitation, is variable, but 
averages about 1-3 p.c. We have studied the effect, over several hours, of 
amytal, ether, ether and decapitation and decerebration, with and without 
splanchnic section or splanchnic section on one side and removal of the 
opposite suprarenal. 

The following are some average results: 


No. of Liver Muscle Blood Blood 


experi- glycogen glycogen glucose lactate 

Treatment ments p. o. p. o. p. o. p. o. 
Unanesthetized „ 0-33 0-11 0-026 
Amytal (0-075-0-1 g./kg.) immedi- 10 1-19 0-53 0-106 0-017 


Amytal (0-075-0-1 g./kg.) 3-5 hr. 10 


1-2 hr. previously 
The results obtained show that: 
1, Amytal slowly depletes liver glycogen. 
2. Ether quickly lowers liver glycogen for the first hour, after which 
there is a tendency for it to recover. 
3. Decapitation under ether greatly lowers the liver glycogen, but 


there is recovery in 4 or 5 hours to the former level, a phenomenon also 
described by Olmsted and Coulthard(1). 


4, Decerebration, with splanchnics previously divided, gives results 
similar to those of decapitation. 


5. There appears to be a tendency for the liver glycogen in fasting 
cats to return to its original level, after experimental glycogenolysis 
ceases. 

3 6. Unless it be assumed that the animal with intact liver is combust- 
ing little if any carbohydrate, then the restoration of the liver glycogen 


~ 0-60 0-49 0-13 0-019 
9 (short fast) 5 minutes ether 3 3-43 — — — 
„ 6-16 min. „ 3 2784 — 0-055 
5 „ 40-60 min. „ 3 1-74 — 0-213 0-042 
1-2 hr. 5 1-95 — 0-198 0-025 
Before deca g. 5 min. ether 10 —— — — — 
Decapita 5-30 min. previously — — — 
13 0-79 0-46 0-197 0-029 
13 1-20 0-44 0-107 0-025 
Splanchnics cut, decerebrated the 1 0-59 0-50 0-09 0-013 
VO ‘ 
eine ont cut, decerebrated 6 1-08 0-45 0-13 0-022 
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must be at least in large part due to processes of glyconeogenesis, since 


glycogen formation and combustion could not both be accounted for 
from the observed changes in blood glucose, blood lactate and muscle 


glycogen. 
I. Olmsted and Coulthard (1928). Amer. J. Physiol. 83, 513. 


A case of low metabolism with tumour of the pituitary region. 
By C. E. Brunton. (Physiology Department, London Hospital Medical 
College.) 

This case was under the care of Dr R. A. Rowlands at the London 
Hospital, and is recorded because of its low metabolic rate. The estima- 
tions were made at about 9.30 a.m. when the patient was resting in bed 
in the post-absorptivestate. The Douglas bag method was used. The basal 
metabolic rates on four occasions were — 52-5, — 40, — 52:4 and — 39-2 
p. O. below the normal. In view of the lowness of the figures it may be 
well to emphasize the precautions taken. The bags were tested for leaks 
previous to each examination by filling them with air and putting pressure 


on them under water. The valves were tested by a similar method. The 


volume of expired air was measured at once by passage through a water 
meter at the appropriate rate, the meter having been recently tested. 
Duplicate analyses were made with the smaller Haldane apparatus, the 
results showing good agreement. Correction was made for the difference 
in volume between inspired and expired air in estimating the oxygen used. 
The calorie value of the oxygen was read from Lusk’s table (1) and the 
normal metabolism from the Du Bois height and weight curve and from 
the Aub and Du Bois age curve(2). The method is being used success- 
fully with normal subjects. 

Dr Rowlands has kindly allowed the following notes to be appended. 
The case appears to be one of pituitary cystic tumour. The patient, an 
intelligent man of 43 years, until recently holding a responsible position 
in an engineer’s store, complained of headaches, lassitude and fits of un- 
consciousness. Among the signs which support the diagnosis are the 
radiographic appearances of the region, the fact that few if any epiphyses 
have ossified, the patient’s bilateral partial optic atrophy and the reduc- 
tion of both his temporal fields of vision. The patient has had sufficient 
polyuria to disturb him at night. His blood pressure is 100/75. His testes 
are undeveloped and secondary sexual — psychical and 
hirsute, are absent. 


1. Lusk, Science of Nutrition, 4th edit., Philadelphia and London, 1928, p. 66. 
2. Du Bois, Basal Metaboliem, 2nd edit., London, pp. 119 and 145. 
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The microphonic action of the cochlea: an interpretation of 
Wever and Bray’s experiments. By E. D. Aprian. 


In a series of papers from the Princeton Psychological Laboratory 
Wever and Bray have described a remarkable effect obtained by placing 
an electrode on the exposed auditory nerve of the cat and another on an 
indifferent part of the body. When the electrodes are connected with an 
amplifier and telephones they find that sounds falling on the cat’s ear are 
reproduced with great fidelity in the telephones. From various controls 
they conclude that the electric changes which produce the sounds are 
due to impulses in the auditory nerve and not to mechanical or electric 
effects in the cochlea. Since speech sounds and notes of high frequency 
(5000 vibrations per sec.) can be reproduced in this way, the explanation 
would seem to involve an extremely short refractory period in the nerve 
fibres, but they point out various ways of meeting this difficulty. 

The object of this note is to criticize their interpretation of the effect, 
but it is not intended to detract in any way from its interest. I have 
found no difficulty in reproducing most of their results, but I think it is 
almost certain that the electric changes are generated in the cochlea and 
are not due to nerve impulses. The chief reasons for this view are that the 
effects are obtained with electrodes so far from the nerve that the usual 
action potentials would have little chance of reaching them, and that 
they. are unchanged by conditions which would seriously interfere with 
nervous conduction. Wever and Bray mention two cases in which 
sounds were recorded when the active electrode was on the petrous part of 
the temporal bone, but in a series of eight cats I have invariably ob- 
tained them by leading from the bone over the cochlea. The amplification 
(with the standard apparatus for nerve impulses) was probably somewhat 
greater than that used by Wever and Bray, but the electric changes 
were much larger than would be obtained from an ordinary nerve at the 
same distance from the electrodes. To demonstrate them it is quite 

_ unnecessary to open the cranium: by removing the ventral wall of the 
bulla a moist thread electrode can be placed on the ventral aspect of 
the petrous bone and the ticking of a watch at 4 feet from the ear (with 
pinna intact) can be heard in the loud speaker. The effect is greatest 
when the thread leads from the foramen rotundum. This might be due to 
the vibrations of the membrane, but the electrodes used are scarcely 
affected by vibrations. It is more likely that the electric changes are 
generated within the cochlea and are conducted most easily through the 
holes in the bone. The internal auditory meatus is another hole which will 
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provide a low resistance pathway into the inner ear, and an electrode on 
the nerve will tap this pathway. There is certainly less distortion of 
speech when the lead is on the nerve, but when the bulla is opened 
distortion would probably follow from sound waves falling directly on the 
foramen rotundum. 

The effect led off from the nerve, the medulla or the cerebellum can 
scarcely be due to impulses in the nerve fibres under the electrode since it 
persists unchanged after the bare nerve has been covered with novocain 
crystals or with lumps of ice or injected with 5 p.c. acetic acid. 
It is not then due to nervous conduction from the opposite cochlea, 
for this may be destroyed. Partial crushing of the nerve makes little or 
no difference. Crushing the entire nerve or cutting it through reduces or 
abolishes the effect, but as the arteries to the inner ear run with the nerve 
I have found it impossible to avoid damaging them as well. As Wever 
and Bray have shown, interference with the blood supply usually 
abolishes the effect, possibly owing to pressure changes in the inner ear. 

The electric changes may be generated by nervous elements in the 
cochlea, but the reproduction of sound may persist unaltered after 
cooling the petrous bone with lumps of ice. It is difficult to explain how 
the ordinary kind of nerve discharge could give electric changes in which 
all speech frequencies are reproduced with their correct amplitudes, and it 
becomes almost impossible to do so when wide variations of temperature 
make no difference. Oscillograph records reproduce the wave form of the 
sound and the curves show no sign of being built up of nerve impulses. 
I conclude that the effect is due to some kind of microphonic action by 
which vibrations produce changes in the potential between different 
points in the inner ear. : 

Wever and Bray have considered this explanation and have given 
reasons for prefering their own. These depend mainly on the effects of 
damaging the nerve, but as it would be impossible to state them here in 
full the reader is referred to their papers. But whatever its explanation, 
the Weverand Bray effect is certainly a remarkable phenomenon, and it 
may well prove of great importance to theories of hearing. 

Wever, E. G. and Bray, C. W. (1930). Proc. Nat. Acad. Sct. 16, 344. 


Wever, E. G. and Bray, C. W. (1930). Psychological Review, 37, 365. 
Wever, E. G. and Bray, C. W. (1930). J. of Exp. Psychol. 13, 373. 
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‘Monoiodoacetic acid as a fixative for lactic acid in normal and 
polyneuritic pigeons. By R. B. Fis nnn, Department of Biochemistry, 
Ozford. 

Experiments on the minced pectoralis major muscle of the pigeon 
have shown that, when it is incubated aerobically in the presence of 
monoiodoacetic acid (1), (2) at 37° C. and at pH 7, lactic acid formation does 
occur if the iodoacetic acid concentration exceeds 4 mgm./g. of muscle. 
In the conditions of the experiments there are 5 c.c. of fluid present to 
each gram of muscle, and the muscle initially contains 400 to 550 mgm. 
of lactic acid per 100 g. When the iodoacetic acid concentration exceeds 
4 mgm./g., a disappearance of lactic acid from the system is always 
observed, at a mean rate of about 50 mgm./100 g. of muscle per hour. 

It seems probable, therefore, that at a lactic acid concentration 
comparable with that in resting muscle the rate of disappearance of 
lactic acid from muscle would be negligible. On the assumption that this 
conclusion is justifiable an attempt has been made to determine the lactic 
acid concentrations in various organs of the pigeon by the intraperi- 
toneal injection of monoiodoacetic acid made up in and neutralized with 
5 p.c. soda. It has been found that 50 mgm./100 g. body weight 
suffices in all but a very few instances to arrest glycolysis in the pectoral 
muscle, heart, and liver. The range of values obtained is illustrated by the 
figures given below: 

3 Mgm. lactic acid | per 100 g. tissue 


Heart Liver 
6-18 0-14 
21-54 20-71 


The normal birds “comprise two series, one rested for a very few 
minutes and the other rested in the dark for at least 30 minutes. The 
_ avitaminous birds were all birds in the head-retraction stage of avian 
polyneuritis, induced by feeding on polished rice, and they had all been 
kept at rest in the dark for at least 30 minutes before the injection of the 
monoiodoacetic acid. These figures seem to indicate that there is a 
significant difference between the resting lactic acid concentrations 
found i in normal and avitaminous birds. 


1. Lundsgaard (1930), Bioch. Ztschr. 217, 162. 
2. Lundsgaard (1931), Ibid, 230, 10. 
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